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Remarks 

Claims 1-16, 18, and 20-34 are pending in this application. Claims 1-16, 18, 20, 
and 30-33 are subject to active examination; claims 21-29 and 34 were previously 
withdrawn. With this response, Applicants cancel claims 18, 20-29, and 34 and amend 
claims 1 and 30-32 to more clearly define the claimed subject matter. Support for these 
amendments may be found, e.g., in the original claims. 

The specification and sequence listing have been amended to provide the 
sequences of BCMA and TACI. Support for these amendments can be found at 
paragraph [0006]. 

Objection to the Title 

The Examiner states that the title, 'Therapeutic Regimens for BAFF Antagonists," 

is not descriptive. The Examiner suggests amending the title to "A Method for Treating 
an Autoimmune Disease Comprising Administering a BAFF Antagonist." 

Applicants respectfully submit that the current title is descriptive. Indeed, it is 
more descriptive of the claimed subject matter than the new title proposed by the 
Examiner. The claims are not limited to treating autoimmune disease; they also recite, 
e.g., treating a patient having an immunologic disorder (claim 1) and inhibiting 
generation of pathogenic B cells (claim 32). On the other hand, all of the claimed 
methods relate to a common treatment regimen: administering a BAFF antagonist, 
temporarily discontinuing the administration, and repeating these steps at least once. 
Thus, Therapeutic Regimens for BAFF Antagonists" describes the claimed subject 
matter. 
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Claim Objections 

Amended claims 1 and 30-32 do not recite a soluble BAFF receptor, rendering 
moot the Examiner's objection that these claims recite a non-elected invention. 

The amended claims do not recite any abbreviations. Thus, the Examiner's 
suggestion that the "syntax of claim 1 can be improved by describing a term first 
followed by an abbreviated form of the description in a parenthesis (e.g., B cell 
activating factor (BAFF))" is moot. 

Written Description 

The Examiner has rejected claims 1-6, 8, 15-16, 18, and 30-33 for allegedly 

failing to comply with the written description requirement of 35 U.S.C. § 1 12, first 
paragraph. The Examiner states that the claims contain subject matter which was not 
described in the specification in such a way as to reasonably convey to one skilled in 
the relevant art that Applicants had possession of the claimed invention when the 
application was filed. 

Applicants maintain that the previously pending claims were adequately 
described. The Examiner's argument for lack of written description of the term "anti- 
BAFF receptor antibody" recited in the previously pending claims is based on a 
misunderstanding of the term "BAFF." The Examiner seems to believe that "B cell 
activating factor" is a functional description of a genus of molecules and that the term 
"BAFF" is merely an abbreviation of that purely functional language. Thus, the 
Examiner states that "BAFF as broadly interpreted includes all functional equivalents 
regardless of structure . . . [mjere function (B cell activating factor receptor) does not 
describe the structure of a receptor ... the term 'B cell activating' as being used 
instantly does not distinguish one activating factor from another." Following this faulty 
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premise, the Examiner concludes that the recited "BAFF receptor" is "claimed by 

function alone." 

In the art, however, "BAFF" refers to a specific protein, and "B cell activating 
factor belonging to the TNF family" merely describes the origin of the term. See, e.g., 
Schneider et al., J. Exp. Med. 189:1747-1756 (1999). Three proteins have been 
identified to date as BAFF receptors: TACI, BCMA, and BAFFR (also known as BR3) 
(see paragraph [0006] of the instant specification). Thus, the recited antibodies are 
described by binding to fully-characterized antigens. As recognized by the Federal 
Circuit and the PTO's own guidelines, the written description requirement requires 
nothing more. In particular, the specification need not describe an actual reduction to 
practice of an antibody that binds to the recited antigen, where the antigen is fully- 
characterized. See Noelle v. Lederman, 355 F.3d 1343, 1349, 69 USPQ2d 1508, 1514 
(Fed. Cir. 2004); see also Example 13 of the PTO's Written Description Training 
Materials. 

Applicants also note that although there is no such requirement, antibodies 
against BAFF receptors are disclosed in the specification; others were known in the art. 
See paragraphs [0050] and [0051]; see also US 2003/012783. 

In the interests of advancing prosecution, however, Applicants have amended 
the claims to recite an antibody that binds to SEQ ID N0:1 (BAFF-R), SEQ ID N0:7 
(BCMA), or SEQ ID N0:8 (TACI). Applicants submit that the written description 
rejection is moot and request that it be withdrawn. 
Enablement 

The Examiner has rejected claims 1-6, 8, 15-16, 18, and 30-33 for allegedly 
failing to comply with the enablement requirement of 35 U.S.C. § 112, first paragraph. 
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The Examiner states that the claims contain subject matter which was not described in 

the specification in such a way as to enable one skilled in the art to make and/or use the 

invention. 

Applicants respectfully submit that the specification fully enables the skilled 
artisan to practice the claimed methods. As noted by the Examiner, In re Wands sets 
forth 8 factors to be considered in determining whether undue experimentation would be 
required. The Examiner bears the burden to provide reasons why the specification is 
not enabling. M.P.E.P. § 3404.04. Proper analysis of the Wands factors reveals that 
the Examiner has not met that burden. 
The nature of the invention and the breadth of the claims 

The invention relates to specific regimens for timing the administration of 
antibodies against BAFF-R, BCMA, or TACI to a patient having an immunological 
disorder. The Examiner has ignored this aspect of the claims throughout the Office 
Action and especially in the context of the enablement rejection. Indeed, the Examiner 
states that the claims "are broadly drawn to a method of treating a patient having any 
immunological disorder comprising administering a therapeutically effective amount of 
any anti-BAFF receptor antibody." Applicants do not purport to have invented all 
methods of treating an immunological disorder comprising administering an antibody 
against a BAFF receptor. It was already well-established in the art that BAFF 
antagonists could be used to treat immunological disorders. The nature of the invention 
is in the timing of administration of the BAFF antagonist. 



11 



U.S. Application No. 10/576,527 
Attorney Docket No. 08201.0042-00000 

The state of the prior art and the predictability or lack thereof In the art 

The art teaches that the SNF1 mouse is a well-established model of systemic 

lupus erythematosus (SLE) and closely mimics many important features of human SLE. 

Like human SLE patients, these mice exhibit high titers of IgG anti-dsDNA and anti- 

glomerular antibodies, accompanied by severe glomerulonephritis. SNF1 mice also 

share the female bias in disease prevalence observed in humans. Many peer-reviewed 

journal articles are based on experimental studies using these mice. See, e.g., Kang et 

al., J. Immunol. 174:3247-55 (2005); Kalled etal., J. Immunol. 160:2158-65 (1998). 

The amount of guidance present and the presence or absence of working examples 

The specification includes a wealth of in vivo data supporting the claimed 
methods. As noted above, the SNF1 mouse is a well-established animal model that 
exhibits many of the hallmarks of human SLE. Applicants have shown that short-term 
administration of a BAFF antagonist to nephritic SNF1 mice with mild-to-moderate SLE 
results in a long-term clinical benefit. Perhaps most importantly, 100% of treated mice 
survived to 49 weeks, whereas only 30% of control mice remained alive (Example 1). 
Treatment also significantly reduced progression of disease to severe nephritis, whether 
assessed by proteinuria levels or by histology (Example 2). Short-term administration of 
a BAFF antagonist also inhibited cardiac inflammation (Example 3), B cell hyperplasia 
(Example 4), and production of autoantibody (Example 5). Finally, the treatment 
reduced the percentage of IgM'IgD"^ B cells, which are presumed to be pathogenic 
(Example 6). 

These data show that short-term administration of a BAFF antagonist not only 
reduces the severity of various markers of disease progression, it dramatically 
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increases survival. The benefits of the treatment appear to persist well after its 

administration in the first 4 weeks of the study. Thus, the Examples provide powerful 

evidence that an immunological disease can be treated using a regimen in which a 

BAFF antagonist is administered for a relatively short period, followed by a longer 

period in which the administration is discontinued. 

The quantitv of experimentation needed 

Relatively little experimentation would be needed to determine whether the 
claimed treatment regimen is effective as applied to any particular antibody. The skilled 
artisan, already familiar with the SNF1 model system, could follow Applicants' teachings 
to determine whether the therapeutic benefits shown in the Examples are also obtained 
with the antibody of interest. 

Relative skill of those in the art 

The level of skill in the art is high: one of ordinary skill presumably has an M.D. or 
Ph.D. and years of experience developing treatments for immunological disorders. 
Applicants respectfully note that the Examiner has ignored this factor, in contravention 
of M.P.E.P. § 2164.01(a). 

In conclusion, Applicants submit that proper consideration of all of the Wands 
factors strongly supports the conclusion that the specification enables the claimed 
methods. Accordingly, Applicants request reconsideration and withdrawal of the 
enablement rejection. 

Obviousness-type Double Patenting 

The Examiner has provisionally rejected claims 1 , 5-6, 1 5, and 30-32 under the 

doctrine of obviousness-type double patenting as allegedly unpatentable over claims 
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60, 61 , and 75-80 of U.S.S.N. 1 1/065,669. Despite acknowledging that the allegedly 

conflicting claims are not identical, the Examiner states that they are not patentably 

distinct from each other. 

As an initial matter, Applicants note that the cited application is no longer co- 
pending. It is abandoned, rendering the rejection moot. 

Even if U.S.S.N. 1 1/065,669 were co-pending, however, the rejection would still 
be improper, as applied to both the previously pending claims and the currently 
amended claims. The instant application should be treated as the later-filed application: 
its earliest priority claim is to U.S.S.N. 60/512,880 (filed October 20, 2003); whereas 
U.S.S.N. 1 1/065,669 is a continuation of U.S.S.N. 10/045,574 (filed November 7, 2001). 
Since the application at issue was filed later than the application cited under the 
doctrine of obviousness-type double patenting, the test is "whether the invention defined 
in a claim in the application would have been anticipated by, or an obvious variation of, 
the invention defined in a claim" of the cited co-pending application. See M.P.E.P. 
§ 804. The analysis mirrors that of 35 U.S.C. § 103; the Examiner must show that the 
co-pending application renders obvious each element of the claim rejected in the 
application at issue. Id. The claims of the instant application (both as previously 
pending and as currently amended) relate to a method of treatment comprising (a) 
administering an agent; (b) discontinuing the administration for 8, 9, 10, 1 1 , or 12 weeks 
or longer; and (c) repeating steps (a) and (b) at least once. The Examiner does not 
argue that the cited application renders these steps of the claimed methods obvious. 
Indeed, the Office Action does not even mention this series of steps. Thus, the rejection 
is improper and should be withdrawn. 
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Conclusion 

In view of the foregoing amendments and remarks, Applicants respectfully 
request the reconsideration and withdrawal of the pending rejections and objections. 

Please grant any additional extensions of time required to enter this response 
and charge any additional fees to deposit account 06-0916. 



Respectfully submitted, 

FINNEGAN, HENDERSON, FARABOW, 
GARRETT & DUNNER, L.L.P. 



Dated: March 12, 2009 




Reg. No. 57,745 
Tel.: 617.452.1669 
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Anti-CD40 Ligand Antibody Treatment of SNFj Mice with 
Established Nephritis: Preservation of Kidney Function^ 

Susan L. Kalled,^* Anne H. Cutler,* Syamal K. Datta,^ and David W. Thomas* 

Prior studies have demonstrated that treatment of yonng, prenephritic lupus-prone mice with Ab directed against CD40 ligand 
(CD40L) prolongs survival and decreases the incidence of severe nephritis. In this report, we show that for (SWR x NZB)F, 
(SNFi) animals with established lupus nephritis, long-term treatment with anti-CD40L beginning at either 5.5 or 7 mo of age 
prolonged survival and decreased the incidence of severe nephritis. "Older" mice were chosen for these studies to more closely 
resemble the clinical presentation of patients with established renal disease. We show that age at the start of treatment, which 
typically correlates with severity of disease, is an important factor when determining an efficacious therapeutic protocol since 
animals that began treatment at 7 mo of age required a more aggressive treatment protocol than animals at 5.5 mo of age. 
Remarkably, several anti-CD40L-treated animals beginning treatment at age 5.5 mo demonstrated a decline in proteinuria, as 
opposed to increasing proteinuria levels seen in hamster IgG (HIg)-treated controls, and histologic examination of kidneys from 
anti-CD40L-treated mice revealed dramatically diminished inflammation, sderosis/iibrosis, and vasculitis, in marked contrast to 
the massive inflammation and kidney destruction observed in control animals that received hamster IgG. Spleens from anti- 
CD40L-treated mice also exhibited markedly reduced inflammation and fibrosis compared with controls. Together, these results 
show that treatment of older, nephritic SNFj animals with long-term anti-CD40L immunotherapy significantly prolongs survival, 
reduces the severity of nephritis, and diminishes associated inflammation, vasculitis, and fibrosis. The Journal of Immunology, 
1998, 160: 2158-2165. 



Systemic lupus erythematosus (SLE)' is a spontaneously 
arising autoimmune disease with a female predominance 
and is characterized by the production of a variety of 
pathogenic anti-nuclear autoantibodies (1). In lupus nephritis, kid- 
ney damage is mediated by both cellular and humoral immune 
mechanisms, including the formation of inmiune complexes that 
deposit in kidney glomeruli and activate the complement cascade 
resulting in glomerulonephritis. It has previously been established 
that the production of anti-nuclear autoantibodies in both human 
and mouse SLE is driven by cognate interactions between select 
populations of autoimmune Th cells and B cells (2-4). Autoanti- 
body-inducing Th cells have been cloned from (SWR X NZB)Fi 
(SNF,) mice with lupus nephritis as well as from nephritic patients 
with SLE (5-9), and such clones from the SNF, model rapidly 
induce immune-deposit glomerulonephritis when transferred into 
young preautoimmune mice. In the absence of these Th cells, the 
autoantibody-producing B cells are not sustained and presumably 
undergo apoptosis. 

Critical to the production of Ab against T-dependent Ags is the 
interaction between CD40L on Th cells and its receptor, CD40, on 
the cognate B cell. This interaction is essential for germinal center 
formation, B cell proliferation and differentiation, isotype switch- 
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ing, and generation of B cell memory (reviewed in 10). CD40- 
CD40L interaction is also important for T cell activation since T 
cells require costimulatory signals through molecules that are up- 
regulated upon CD40-CD40L engagement. CD40-CD40L interac- 
tion has been shown to be important for several experimentally 
induced autoimmune diseases, such as collagen-induced arthritis 
(11), experimental allergic encephalomyelitis (EAE) (12), oopho- 
ritis (13), as well as graft-vs-host disease (14, 15), since induction 
of all of these diseases can be blocked with anti-CD40L treatment 
at the time of Ag administration. In addition, CD40-CD40L inter- 
action appears to be critical for the production of pathogenic au- 
toantibodies in spontaneous murine lupus. Blocking this interac- 
tion, even briefly (for 1 wk) in young, prenephritic SNF, lupus 
animals with anti-CD40L therapy produced unexpected long-term 
benefit, such as increased survival and diminished incidence of 
severe nephritis at 12 mo of age (16). Similar results were seen in 
the NZB/NZW lupus model with long-term anti-CD40L therapy 
(6 mo) (17). 

Given the results from these numerous studies, there has been 
much speculation as to the potential usefulness of a mAb directed 
against the human CD40L molecule in treatment of autoimmune 
disease. What is lacking is data that show efficacy of anti-CD40L 
Ab in established renal disease, both moderate and severe. With 
this in mind, we designed studies using SNF, mice that would 
resemble the stage of disease with which patients with established 
lupus nephritis could present for initial diagnosis and treatment. In 
this study, we report the effects of anti-CD40L therapy on animals 
that began treatment at 5.5 or 7 mo of age, receiving an initial 
regimen of anti-CD40L Ab for several weeks, followed by 
monthly dosing for the duration of the study. Anti-CD40L iiiunu- 
notherapy resulted in prolonged survival, decreased autoantibody 
levels, and diminished proteinuria, indicating an arrest of estab- 
lished disease. Anti-CD40L-treated mice also exhibited reduced 
renal inflammation, cellular proliferation, vasculitis, and sclerosis/ 
fibrosis, as well as diminished inflanmiation and fibrosis in the 
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spleen. Lastly, in contrast to 5.5 month-old mice, 7 month-old 
animals beginning treatment for the first time required more ire- 
quent dosing of anti-CD40L in the first 12 wk to establish efficacy, 
most likely because of components of advanced disease that are 

not currently understood. 

Materials and Methods 

Mice 

SWR and NZB mice were purchased from The Jackson Laboratory (Bar 
Harbor, ME). (SWR X NZB)F, (SNF,) hybrids were bred in the animal 
facility at Biogen under conventional hairier conditions. Female SNF, 
mice were used for all studies. 

Antibodies 

The MR] hybridoma (18), which produces Amenian hamster anti-mouse 

CD40L Ab, was purchased from the American Type Culture Collection 
(Rockville, MD). The hybridoma Ha4/8-3.1, an Armenian hamster IgG 
mAb specific for keyhole limpet hemocyanin, was kindly provided by Dr. 
Donna Mendrick (Human Genome Sciences Inc., Rockville, MD). Both 
mAbs were purified firom culture supernatant on a protein A Fast Flow 
column (Pharmacia Biotech, Piscataway, NJ). 

Treatment protocols 

All injections were given i.p. Each study consisted of a control group that 
received Ha4/8-3.1 and a treated group that received anti-CD40L mAb. 
Animals received in the first week 250 jLig of Ab on days 1, 3, and S, then 
a single dose of 300 ju.g of mAb once per wk for either 6 or 12 wk as 
indicated in the text, followed by a single injection of 500 /ig monthly until 
death of the animal or termination of the study. Studies began when ani- 
mals were either 5.5 mo or 7 mo of age. 

ELISA assays 

For total Ig and anti-anti-CD40L ELISAs, ELISA plates (Coming Glass 
Works, Coming, NY) were coated ovemi^t at 4°C with 5 ju,g/ml of goat 
anti-mouse IgG+lgM (Jackson htunimoResearch, West Grove, PA) and 
anti-CD40L, respectively. After blocking, serial serum dilutions wete 
added, followed by the detectioa Ab, biotin-conjugated donkey anti-mouse 
IgG (H+L) (Jackson ImmunoResearch), and streptavidin-horseradish per- 
oxidase (SA-HRP) reagent (Southern Biotech, Birmingham, AL). The de- 
veloping reaction was stopped by adding 2N siilfiiric acid. Plates were read 
at an OD of 450 nm, and a standard curve was generated using known 
quantities of purified whole mouse Ig (Jackson ImmunoResearch). Anti- 
ssDNA and anti-dsDNA ELISAs were performed using NUNC-Immuno 
Plate MaxiSorp plates (NUNC A/S, Denmark). Plates were coated over- 
night at 4°C first with 100 /xg/ml methylated BSA (Calbiochem Corp, La 
Jolla, CA), then with 50 /xg/ml grade I calf thymus DNA (Sigma, St. Louis, 
MO). The calf thymus DNA was sheared by sonication and then digested 
with SI nuclease before use. For the anti-ssDNA assay, the DNA was 
boiled for 10 min and chilled on ice before use. After blocking, serial 
dilutions of serum samples were added and incubated at room temperature 
for 2 h. Autoantibodies were detected with goat anti-mouse IgG-AP (Sig- 
ma) and developed with p-nitrophenyl phosphate (Sigma) in 1 M dietha- 
nolamine buffer. Plates were read at an OD of 405 nm, and standard curves 
were obtained by using known quantities of anti-DNA mAb 205, which is 
specific for both ss- and dsDNA (2). 

Assessment of renal disease 

The urine of each mouse was monitored weekly with Albustix (Bayer 
Corp., Terrytown, NY) to measure proteinuria. Proteinuria level is scored 
as follows: 0.5+, 15 to 30 mg/dl ; 1"^, 30 mg/dl; 2+, 100 mg/dl; 3"^, 300 
mg/dl; 4+, >2000 mg/dl. 

The overall score for histopathologic grading of lupus nephritis is de- 
scribed elsewhere (19, 20) and was based on glomerular, interstitial, and 
tubular changes. The grades 0 to A* are based on percent involvement of 
the structtffe being examined (i.e., glomeruli, vessels, etc.). Kidneys with- 
out lesions were graded as "0," and all tissue samples were coded and read 
blind. 

Immunohistochemistry 

Kidneys and spleens were fixed in 10% buffered formalin and embedded in 
parafiin. Five-millimeter cryostat sections were baked at 55°C, deparaf- 
fined, hydrated in ethanol, and stained with hematoxylin-eosin (H&E) for 
histologic examination or used for immunohistochemical staining. Briefly, 



sections were incubated first with a mAb that detects a cytoplasmic protein 
specific to reticular fibroblasts, ER-TR7 (Serotec, Oxford, UK) for 30 min 
at room temperature, washed with PBS, incubated with mouse anti-rat IgG 
(H&L) F(ab)2 for 30 min at room temperattrre (Jackson ImmunoResearch, 
West Grove, PA), and visualized using the substrate 3,3' diaminobenzidine 
(DAB) (Vector Laboratories, Inc., Burlingame, CA). Sections were coun- 
terstained with a 25% Wright-Giemsa (Fisher Diagnostics, Pittsburgh, PA) 
solution. Endogenous peroxidase activity was blocked using 2% hydrogen 
peroxide in methanol for 20 min before staining with the primary Ab. 
Photographs were taken on a Zeiss Axioplan photomicroscope at magni- 
fications of X 100 and X400. 

Statistical analysis 

Survival curves were estimated by life-table methodology, and groups were 
compared by the Wilcoxon test (21). The proportion of mice with £3* 
(a300 mg/dl) proteinuria was analyzed hy a.)^ test. Histopathologic renal 
scores were analyzed by a Wilcoxon two-sample test. Comparison of au- 
toantibody levels was analyzed by Student's t test. 

Results 

Long-term anti-CD40L therapy beginning at 5.5 mo of age 
significantly prolongs survival of SNF, mice 

Seven SNF, mice, beginning at 5.5 mo of age, were treated in the 
first week with 250 \i% of either anti-CD40L mAb or control ham- 
ster IgG on days 1, 3, and 5 followed by a weekly injection of 500 
/i,g for 5 consecutive wk, then monthly injections of 500 jag until 
death of the animal or termination of the study. By ~10 mo of age 
(4.5 mo after the start of treatment), 6 of 7 (85.7%) control animals 
had died, whereas no anti-CD40L-treated animals had died (Fig. 
\A'). By 13 mo of age (7.5 mo after start of treatment) no control 
animals remained alive, yet all anti-CD40L-treated animals were 
alive. In fact, these animals appeared healthy up to 15.5 mo of age 
when the study was terminated and all animals, except one, were 
euthanized for histopathology (one mouse died during a kidney 
biopsy at ~13 mo of age and was not included in the survival 
timepoints of Figure \A or statistics beyond 13 mo). As Hlg- 
treated controls became moribund, the animals were euthanized 
and their organs removed for histology. Overall, anti- 
CD40L-treated mice demonstrated a survival rate significantly dif- 
ferent (p < 0.001) from Hlg-treated controls. 

Long-term anti-CD40L therapy beginning at age 5.5 mo 
significantly inhibits development of severe nephritis, renal 
vasculitis, and fibrosis 

Consistent writh the prolonged survival effect of anti-CD40L ther- 
apy described above, this treatment also significantly inhibited the 
development of severe nephritis, defined as a proteinuria level of 
£3"^ {p < 0.001 at all timepoints). As seen in Figure IB, only 1 
of 7 anti-CD40L-treated animals developed ^3 * proteinuria by 1 3 
mo of age whereas controls rapidly developed 4"*' proteinuria 
within 1 mo after treatment began (although 2 animals had 4"^ 
proteinuria when the study began due to a random assignment of 
groups). Remarkably, the proteinuria levels of 6 of 7 (85.7%) anti- 
CD40L-treated mice declined. This decline began as early as 3 mo 
after the start of treatment in some cases and as late as 6 mo in 
others. 

Since anti-CD40L immunotherapy resulted in a decline in pro- 
teinuria, we asked if the severity of glomerulonephritis was also 
reduced as compared with controls. For this purpose, H&E-stained 
kidney tissue sections were read and scored blind to assess renal 
morphology and pathology. An example of normal kidney struc- 
ture is seen in Figure 2a, a kidney section fi-om an SWR female 
mouse, the normal parent of the (SWR X NZB) cross. Glomeruli 
are numerous, distinct with patent capillaries, normal cellularity, 
and architecture, and tubules are compact and of normal shape. In 
comparison, kidney sections firom Hlg-treated SNF, mice (Fig. 2b) 
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Table I. Anti-CD40L therapy inhibits lupus-associated renal disease 
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FIGURE 1. Effect of anti-CD40L immunotherapy beginning at 5.5 mo 
of age on survival and proteinuria in SNF, mice. A, The survival curves of 
anti-CD40L-treated and HIg controls differ significantly {p < 0,001 by 
Wilcoxon test). Control mice receiving HIg die rapidly with the onset of 
severe nephritis, and all but one are dead by age 12 mo while all anti- 
CD40L-treated mice are alive when the study is terminated at age 1 5.5 mo 
(except one mouse tiiat died during a biopsy procedure at ~ 13 mo of age). 
B, Urine was monitored weekly for proteinuria as described in Materials 
and Methods. The proportion of mice with ^3''' proteinuria differed sig- 
nificantly between anti-CE)40L-treated and HIg controls at all timepoints 
{p < 0.001 by )^ test). Controls that did not have a3* proteinuria at the 
start of treatment became 4* soon after, as opposed to anti-CD40L-treated 
mice where the proteinuria levels of six of seven mice declined and only 
one mouse developed 3* proteinuria. 



exhibited severe disruption of kidney architecture, lesions involv- 
ing all glomeruli, massive perivascular lymphoid accumulations, 
and tubular atrophy or dilation with proteinaceous casts. The glo- 
meruli in these animals were enlarged and exhibited hypercellu- 
larity with crescents, hyaline deposits efiacing capillary loops, 
thickening of capillary loops, basement membrane as well as mes- 
angial thickening, and significant glomerular sclerosis. In stark 
contrast to the Hlg-treated animals, tissue sections of kidneys from 
anti-CD40L-treated animals (Fig. 2c) revealed that, in general, the 
overall structural integrity of the kidneys was intact. Anti-CD40L- 
treated animals at age 15.5 mo had no to moderate (0 to 2"^) glo- 
merulonephritis, except one mouse that developed 2 to 3"^ disease, 
and only 3 animals exhibited rare sclerotic glomeruli. Mouse CLR, 
which died at ~ 13 mo of age due to complications from a kidney 
biopsy procedure, had no obvious sign of glomerulonephritis in the 
biopsied tissue (Table 1). Furthermore, most animals had no or 



Mouse' 


Overall Score 


Sclerosis/Fibrosis 


Vasculitis 


CR 




0-1* 


1* 


CL 


2* 


0-1* 


ND" 


CN 


2+-3- 


0-1* 


2* 


CLR 


0 


0 


ND 


DR 


2+ 


0 


O-I* 


DL 


2* 


0-1* 


l*-2* 


DN 


0 


0 


0 


HIg-control'' 


4+ 


4* 


4* 



"0 to 4* scoring was based on assessment described elsewhere (19, 20). The 
differences between anti-CD40L-treated and control mice were significant for overall, 
sclerosis-fibrosis, and vasculitis scores (p < 0.01 for all by Wilcoxon two-sample 
test). 

' CR, CL, CN, CLR, DR, DL, DN all received anti-CD40L therapy beginnmg at 
age 5.5 mo. Kidney sections were prepared at age 15.5 mo except CLR, which is a 
biopsy sample at age 13 mo. 

" ND, vasculitis could not be assessed because of a lack of arterioles in histologic 
sections. 

'' Five out of seven mice that received control HIg beginning at age 5.5 mo had 
identical histopathologic scores; therefore, one set of scores is given to represent all 
five. The two remaming mice died before tissues could be obtained. 



only mild interstitial infiltration of mononuclear cells, although 2 
of 7 animals had moderate infiltration. A comparison of the overall 
renal histopathologic scores for anti-CD40L-treated mice and the 
controls shows a significant difference in severity of glomerulone- 
phritis by the Wilcoxon two-sample test (p < 0.01). 

Consequences of interstitial infiltration include the activation of 
a variety of cell types and release of cytokines/growth factors re- 
sulting in fibrosis (22, 23), an overproduction of extracellular ma- 
trix components, and proliferation of normally quiescent cells, 
such as fibroblasts, which can lead to irreversible tissue damage. 
The presence of sclerosis/fibrosis was assessed by histologic ex- 
amination of H&E-stained kidney sections (Table I), and compar- 
ison of the difference in incidence and severity of sclerosis/fibrosis 
between anti-CD40L-treated and control mice was found to be 
significant {p < 0.01) To ftirther examine the effect of anti-CD40L 
therapy on the development of fibrosis, kidney tissue sections were 
analyzed with the mAb BR-TR7. This mAb recognizes reticular 
fibroblasts and stains the connective tissue of many organs. (Note: 
this Ab stains normal connective tissue strongly on frozen tissue 
sections. The tissue sections used in this report have been embed- 
ded in paraffin, resulting in a barely detectable staining, except in 
instances of damaged and fibrotic tissue.) In a kidney tissue section 
of the normal parent, SWR, no staining is detected in the kidney 
cortex (Fig. 2d). In Hlg-treated animals, however, this Ab stained 
intensely the areas sutroimding dilated tubules, interstitial infil- 
trate, and sclerotic glomeruli (Fig. 2e). Tissue sections of kidneys 
from anti-CD40L-treated animals exhibited no ER-TR7 staining 
above what was seen for controls (Fig. 2f). Additionally, exami- 
nation of H&E-stained kidney sections revealed that, compared 
with Hlg-treated mice that developed severe vasculitis, the severity 
of vasculitis in anti-CD40L-treated animals was significantly di- 
minished (p < 0.01; Table I). 

Long-term anti-CD40L therapy beginning at age 5.5 mo reduces 
splenic inflammation and inhibits development of fibrosis 

Since animals in this lt^)us model develop splenomegaly, splenic 
tissue sections were examined to determine whether anti-CD40L 
therapy had any effect on inflammation/proliferation in the spleen, 
where hyperproliferation of autoantibody-producing B cells oc- 
curs. Normal splenic architecture can be seen in an H&E-stained 





FIGURE 2. Renal histology from animals receiving long-term immunotherapy beginning at age 5.5 mo. Representative samples from the normal SWR 
parent (normal control), mice that received HIg (HIg) and anti-CD40L (anti-CD40L). Basic histology by H&E staining of kidney tissue sections (top row, 
X400 magnification); arrows point to glomeruli. Examination of fibrosis by immunohistochemistry in kidney (bottom row, X 100 magnification). The brown 
staining represents detection of reticular fibroblasts. Sections were counterstained with Wright-Giemsa. The HIg sections are irom the same animal that was 
12.5 mo old at the time of death, and the anti-CIMOL sections are from the same mouse at IS.S mo of age. 



tissue section of the normal parent, SWR, (Fig. 3a), where areas of 

red pulp and lymphocyte-containing white pulp are clearly dis- 
cernible. The spleens of HIg- treated SNF, mice, however, often 
had such severe hyperplasia, accompanied by hyaline degeneration 
of the central follicular arterioles, that the typical H&E staining 
pattern distinguishing red and white pulp was completely disrupted 
and obscured, and there appeared to be a loss of white pulp alto- 



gether (Fig. 2b). There was also evidence of splenic necrosis in 
some animals. Splenic tissue sections from animals receiving anti- 
CD40L therapy revealed a marked expansion of the white pulp due 
to an increased number of follicles and expansion of what ap- 
peared to be dendritic-like cells. Nevertheless, no areas of necrosis 
were obvious, and inilannnation and lymphoid proliferation were 
markedly reduced. In addition, anti-CD40L-treated mice exhibited 



Normal control HIg Antf-CD40L 




FIGURE 3. Splenic histology firom animals receiving long-term immtmotherapy beginning at age 5.5 mo. Representative samples from the normal SWR 
parent (normal control), mice that received HIg (HIg) and anti-CD40L (anti-CD40L). Basic histology by H&E staining of splenic tissue sections (top row, 
XlOO magnification); arrows point to areas of white pulp. Examination of fibrosis by immunohistochemistry in spleen (bottom row, X 100 magnification). 
The brown staining represents detection of reticular fibroblasts. Sections were counterstained with Wright-Giemsa. The HIg sections are fi-om the same 
animal as in Figure 2, which was 12.3 mo old at the time of death. The anti-CD40L sections are fi-om the same mouse as in Figure 2 and was 15.5 mo 
old when organs were taken for histology. 
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only rare, mild incidences of hyaline degeneration of central 
arterioles (Fig. 3c). 

Splenomegaly is also characterized by fibrosis. To examine the 
extent of fibrosis in anti-CD40L-treated and control mice, splenic 
tissue sections were analyzed with the mAb, ER-TR7. In normal 
spleen this Ab stained very faintly within the red pulp only, the 
area containing splenic connective tissue (Fig. 3d). In the spleens 
of HIg-treated mice with active lupus, however, there was exten- 
sive staining with ER-TR7 not only in the red pulp, but extending 
into the white pulp as well, which appeared characteristic of peri- 
arterial fibrosis (Fig. 3e). In contrast, in sections from anti-CD40L- 
treated mice, there was typical faint staining in the red pulp, as 
seen in normal mice, and rare occasions of staining extending into 
the white pulp, thus indicating either no or only mild fibrosis in 
these animals (Fig. 3/). 

SNF, lupus-prone mice beginning immunotherapy at 7 mo of 
age need a more aggressive anti-CD40L treatment protocol than 
5.5 month-old animals 

Since long-term immunotherapy with anti-CD40L proved so suc- 
cessfiil with animals that began treatment at 5.5 mo of age, this 
identical treatment regimen was repeated with older animals, 7 mo 

old, that typically have higher proteinuria levels as well as auto- 
antibody titers. This treatment protocol, however, did not have any 
beneficial efiect in older mice; anti-CD40L-treated animals devel- 
oped severe nephritis and died at the same rate as controls (data not 
shown). We reasoned that more fi^equent anti-CD40L dosing early 
in therapy might be necessary given that the autoimmune response 
in these older animals is likely more robust than in younger mice. 
Therefore, 10 animals were given an extended weekly dosing reg- 
imen of 500 iJig of either anti-CD40L or HIg for 12 consecutive wk 
followed by monthly injections of 500 ju.g/dose. This aggressive 
therapy significantly increased the survival rate of anti-CD40L- 
treated mice compared with controls (p = 0.05 by Wilcoxon test). 
At 10 mo of age (3 mo after start of therapy), only 20% of controls 
were alive compared with 80% of treated animals. At 13.5 mo of 
age the survival rate was 0% and 40% for control and anti-CD40L- 
treated animals, respectively, and at age 15.5 mo when the study 
was terminated two anti-CD40L-treated mice remained alive and 
appeared healthy (Fig. 4A). 

The development/persistence of severe nephritis was assessed 
on a weekly basis by determining proteinuria levels; severe ne- 
phritis is defined as a proteinuria grade of ^3* (^300 mg/dl). The 
eflFect of anti-CD40L therapy on proteinuria levels in the 7 month- 
old mice was not as dramatic as that seen in animals that began 
treatment at age 5.5 mo, probably because 6 of 10 animals in the 
anti-CD40L-treated group had severe nephritis before the start of 
treatment. Regardless, when compared with HIg-treated animals (5 
of 10 had severe nephritis before treatment), the proportion of 
anti-CD40L-treated mice with aS"^ proteinuria differed signifi- 
cantly (p < 0.001) from controls at each timepoint analyzed ex- 
cept at 7.5, 8.5, and 10 mo (Fig. 45). Furthermore, two anti- 
CD40L-treated animals exhibited a decline in proteinuria that 
remained at the diminished level for several mo (Fig. 4B). 

Long-term anti-CD40L therapy reduces autoantibody production 

in SNFj mice 

Autoantibodies, a hallmark of human SLE and the SNFj lupus 
mode!, are seen in increasing amounts as SNFj female mice age. 
After reaching a peak level, which in our colony is seen at ap- 
proximately age 9.5 mo, detectable serum titers drop dramatically, 
probably due to immune complex deposition in the kidneys and 
other tissues. Serum levels of anti-ssDNA and anti-dsDNA auto- 
antibodies were determined at regular intervals, and, regardless of 
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FIGURE 4. Effect of aggressive anti-CD40L immunotherapy beginning at 
age 7 mo on survival and proteinuria in SNF, mice. A, The survival curves of 
anti-CD40L-treated and HIg controls differed significantly (p = 0.05 by Wil- 
coxon test). HIg-treated mice exhibited a strong correlation between increasing 
age and rate of death, and all animals were dead by age 13 mo. Anti-CD40L- 
treated mice exhibited prolonged survival and at age 15.5 mo 2 of 10 mice 
remained alive. B, Urine was monitored weekly as described in Materials and 
Methods. The proportion of mice with ^3* proteinuria differed significantly 
(p < COS by test) between anti-CD40L-treated and HIg controls at all 
timepoints except 7.5 to 8.5 and 10 mo. Mice were assigned to receive either 
anti-CD40L or HIg according to their baseline proteinuria grade to create ap- 
proximately equivalent treatment groups. 



whether mice began anti-CD40L treatment at 5.5 or 7 mo of age, 
anti-CD40L therapy resulted in an overall reduction in the mean 
value of anti-ssDNA and anti-dsDNA autoantibody detected when 
compared with HIg-treated controls (Fig. 5). Most animals that 
began immunotherapy at age S.S mo had detectable autoantibody 
levels and, whereas the HIg-treated controls developed increased 
titers until age 9.5 mo, the mean values for anti-CD40L-treated 
mice remained low and in some cases declined. These differences 
were significant at the timepoints indicated in Figure 5 (p < 0.05 
at 8.5 mo for both anti-ssDNA and anti-dsDNA). Mice that began 
treatment at age 7 mo also had detectable autoantibody titers at the 
start of therapy; however, the mean values of anti-ssDNA and 
anti-dsDNA autoantibodies for anti-CD40L-treated mice remained 
low or declined compared with controls, which continued to rise 
until approximately age 9.5 mo. These values differed significantly 
at certain timepoints (at 8.5 m.o,p = 0.06 for anti-ssDN A andp < 
0.05 for anti-dsDNA; at 9.5 mo, p < 0.05 for anti-dsDNA). Sta- 
tistical analysis was not done for those timepoints where there 
were fewer than 2 control mice alive. 
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FIGURE 5. Effect of anti-CD40L immunotherapy on anti-ssDNA and anti-dsDNA autoantibody levels. Serum autoantibody levels were monitored 
monthly, except for mo 6 to 8 in animals beginning treatment at 5.5 mo of age. The geometric mean ju.g/ml of autoantibodies is shown for animals that 
received anti-CD40L (O) or HIg (•). An asterisk (*) denotes points at which the autoantibody levels differed significantly {p < 0.05 by Student's t test); 
a double asterisk denotes significance, p = 0.06. Statistical analysis was not performed at timepoints where the number of surviving control animals was 
less than 2. 



Although it was expected that anti-CD40L treatment would 
serve to inhibit Ab responses in general, including anti-anti- 
CD40L Ab, animals in both studies did, in fact, develop such a 
response. For those mice that began anti-CD40L treatment at age 
5.5 mo, three animals exhibited serum anti-anti-CD40L titers at 9.5 
and 11.5 mo, and one animal exhibited titers at 11.5 and 14.5 mo 
(Table II). The response, however, was not persistent and the spo- 
radic nature did not appear to adversely affect the animals since 
there was no parallel increase in proteinuria (Fig. IB), and only 
50% of mice had a correlative rise in autoantibody titers (Fig. 5). 
On the other hand, several animals that did not begin anti-CD40L 
treatment until age 7 mo developed an anti-anti-CD40L response 
within 2 mo of therapy, and it was persistent ) in most cases (Table 



Table II. Anti-anti-CD40L response in mice that began treatment at 
age 5.5 months 



Age in Months 



Mouse 


8.5 


9.5 


10.5 


11.5 


12.5 


13.5 


14.5 


CR 


a 














CL 








+ 






+ 


CN 




+ 




+ 








CLR 




+ 




+ 






ND 


DR 




+ 




+ 








DL 
















DN 

















" "— " indicates no detectable response; "+" indicates a detectable response. 
' ND, not done since mouse died due to a biopsy complication at » 1 3 mo of age. 



III). Two of eight surviving animals 1.5 mo after the start of ther- 
apy (age 8.5 mo) had developed an anti-anti-CD40L response, and 
this number increased to four of eight surviving mice at age 9.5 
mo. For mice beginning immunotherapy at age 7 mo, there was a 
strong correlation between the animal having severe nephritis at 
the start of therapy, development of an anti-anti-CD40L response, 
and a lack of long-term survival. 

Discussion 

This work provides the first evidence that inhibiting the CD40- 
CD40L costimulatoty pathway with an anti-CD40L mAb has a 



Table III. Anti-anti-CD40L response in mice that 
age 7 months 

Age in Months 



treatment at 



Mouse 


8.5 


9.5 


11.5 


12.5 


14 


15 


XIDR 


a 
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XIDL 










0» 




XIDN 


0 












XIDLR 
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+ 




XIER 
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+ 
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0 




XIEL 


0 












XIEN 


+ 


+ 


0 








XIELR 




+ 


+ 


0 






XIFR 


+ 


+ 


0 








XIFN 














" "— " indicates no detectable response; "+" indicates a 
' "0" indicates the mouse died before this timepoint. 


detectable response. 
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beneficial therapeutic effect in animals with established lupus ne- 
phritis. The impact of long-term anti-CD40L therapy on nephritic 
5.5-month-old SNFj mice with proteinuria was a stabilization fol- 
lowed by a decline in proteinuria in six of seven animals, a sig- 
nificantly increased survival rate at age 15.5 mo, and decline in the 
incidence of severe glomerulonephritis, vasculitis, and fibrosis. 
These results show that anti-CD40L can function to arrest estab- 
lished renal disease and are striking, given that in this model SNF, 
females die of severe nephritis usually by age 12 mo (16, 24). 

The hallmarks of interfering with the CD40-CD40L pathway, 
inhibiting Ig isotype switch and Ab production, have been dem- 
onstrated many times in various disease models, primarily, how- 
ever, in a fashion that inhibited the onset of a humoral immune 
response. In general most SNF] animals, without therapeutic in- 
tervention, developed significant autoantibody titers as they aged, 
reaching a peak before disappearance from the periphery due to 
immune complex deposition in the kidneys and other tissues. An- 
imals that received anti-CD40L immunotherapy, however, main- 
tained consistently low autoantibody titers when compared with 
controls, often falling below baseline, which was determined just 
before the start of therapy. Nevertheless, an anti-anti-CD40L re- 
sponse in animals that began treatment at age 7 mo developed 
rather quickly and was persistent, unlike what was observed in 
mice that received treatment earlier, at age 5.5 mo, where such a 
response was sporadic among a few mice and apparently without 
consequence to disease progression. It is possible that with ad- 
vanced disease select B cells no longer require a costimulatoty 
signal through CD40, or they may function in a T-independent 
manner (25), making inhibition of the CD40-CD40L pathway in- 
consequential. Indeed, CD40L knockout/Zp/- mice can produce 
some autoantibodies and develop a markedly delayed and mild 
form of lupus (26). 

Additionally, for mice not receiving anti-CD40L therapy until 
age 7 mo, increased dosing was necessary to establish efficacy. It 
was clear that animals with S3"^ nephritis just before dosing did 
not benefit from treatment, most likely because of pre-existing 
kidney damage that was too severe and irreversible. Possible ex- 
planations for the need of a more aggressive anti-CIMOL treatment 
regimen in 7-month-oId animals are an increased level of CD40L 
expression on Th cells and a greater number of cells expressing 
CD40L. Studies have documented the disregulated expression of 
CD40L on Th cells in SNFj mice (16) as well as in lupus patients 
(27), whereby autoreactive Th cells of lupus express an abnormally 
high level of CD40L, including T cells taken directly from patients 
without further in vitro stimulation. CD40L has also been shown to 
be expressed on normal human B cells when stimulated in vitro 
and, surprisingly, B cells from lupus patients have been found to 
exhibit endogenous hyperexpression of CD40L, reaching the level 
expressed by activated Th cells (27, 28). (It should be noted that 
we have examined both freshly isolated and mitogen-stimulated 
purified B cells from SNF, mice at various ages and have been 
unable to convincingly detect CD40L either by flow cytometry or 
RT-PCR (data not shown)). Interestingly, previous examination of 
fleshly isolated PBMCs from lupus patients has shown that pa- 
tients with the highest level of CD40L expression had active or end 
stage renal disease (28). Lastly, wdth advanced disease, it is pos- 
sible that non-T, CD40L-bearing cells, as found in humans, such as 
stimulated NK cells (29), vascular endothelial cells, smooth mus- 
cle cells, and macrophages (30) may interact with and activate 
CD40"^ cells, resulting in an expanded pool of stimulated lym- 
phoid and non-lymphoid cells. 

Together the above data indicate that interrupting CD40-CD40L 
interaction not only blocks the initiation and maintenance of the 
pathogenic immune response, particularly the humoral arm of the 



response, but is also beneficial during the effector phase of disease 
when CD40-CD40L interaction takes place in a T/non-B cell or 
non-T/non-B cell setting. Indeed, the presence of CD40 on vascu- 
lar endothelial cells (31, 32) and on a variety of parenchymal and 
nonparenchymal cells in the normal human kidney has already 
been established (33). Interestingly, in patients with lupus nephri- 
tis, CD40 expression is markedly increased in the kidney along 
with the presence of infiltrating CD40L'^ mononuclear cells (33). 
Because CD40-mediated signals can induce secretion of proin- 
flammatory cytokines by monocytes, dendritic cells, and fibro- 
blasts (34-37), it has been suggested that CD40L"^ mononuclear 
cells may interact with CD40"*' renal target cells to induce or en- 
hance proinflammatory molecules that contribute to renal inflam- 
mation and damage (33). van Kooten et al. (38) have recently 
demonstrated that cross-linking CD40 on human proximal tubular 
epithelial cells leads to the production of chemokines IL-8, mono- 
cyte chemoattractant protein (MCP)-l, and RANTES, known in- 
flammatory mediators that may contribute to the pathway leading 
to tissue damage and fibrosis. RANTES may be of particular im- 
portance since it is a known chemoattractant for T cells (39), and 
IL-2 and IFN--y produced by activated T cells can directly activate 
human proximal tubular epithelial cells (40-42), thus providing a 
positive feedback loop for interstitial infiltration. In fact, Lloyd et 
al. (43) have used a nephrotoxic serum animal model to show that 
MCP-1 is indeed involved in glomerular crescent formation and 
interstitial fibrosis and together with RANTES plays a role in the 
inflammatory phase of crescentic nephritis. The ability of anti- 
CD40L immunotherapy to inhibit the development of fibrosis is of 
special significance given that there is a correlation between the 
degree of interstitial fibrosis and incidence of chronic renal failure 
in patients with glomerular diseases (44, 45). Current studies are 
underway to examine CD40, CD40L, and chemokine expression in 
SNF, mice treated with anti-CD40L vs controls. 

It has been suggested that anti-CD40L may not be effective after 
establishment of disease, particularly for Thl -mediated autoim- 
mune diseases (46). Our report demonstrates that long-term im- 
munotherapy with an anti-CD40L mAb provides significant ther- 
apeutic benefit to nephritic, autoimmune SNFj female mice, a 
lupus model in which the nephritogenic autoantibodies are Thl- 
dependent (47). Cytokines from CD40L-expressing Th2 cells have 
also been shown to be necessary for survival of autoimmune B 
cells and disease progression in lupus (48, 49); thus, our data sug- 
gest that preventing CD40-CD40L interaction has consequences 
for both the Thl and Th2 subpopulations of T cells. Furthermore, 
we present the longest survival of SNF, females ever reported, 
which is extraordinary at age 15.5 mo. At this age these animals 
continued to appear in good health with no obvious signs of in- 
fection or complications, which is particularly remarkable given 
that they are autoimmune-prone and were housed in a conventional 
facility. Importantly, there was no effect on total serum Ig levels 
(data not shown) indicating there was no general immunosuppres- 
sion. These data suggest that long-term immunotherapy with anti- 
CD40L in people may not result in significant detrimental conse- 
quences, and overall the data lend promise to the potential use of 
anti-CD40L immimotherapy to treat human SLE and, possibly, 
other autoimmune diseases as well. 
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Very Low-Dose Tolerance with Nucleosomal Peptides Controls 
Lupus and Induces Potent Regulatory T Cell Subsets^'^ 

Hee-Kap Kang,* Marissa A. Michaels,* Beate R. Berner,^ and Syamal K. Datta^* 

We induced very low-dose tolerance by injecting lupus prone (SWR x NZB)Fi (SNFl) mice with 1 ftg nucleosomal histone peptide 
autoepitopes s.c. every 2 wk. The subnanomolar peptide therapy diminished autoantibody levels and prolonged life span by 
delaying nephritis, especially by reducing inflanunatory cell reaction and infiltration in kidneys, l^4^^_g4 was the most effective 
autoepitope. Low-dose tolerance therapy induced CD8*, as well as CD4^CD25^ regulatory T (T^^) cell subsets containing 
autoantigen-speciflc cells. These adaptive T„g cells suppressed IFN-y responses of pathogenic lupus T cells to nucleosomal epitopes 
at up to a 1:100 ratio and reduced autoantibody production up to 90-100% by inhibiting nudeosome-stimulated T cell help to 
nuclear autoantigen-speciflc B cells. Both CD4'^CD25* and CDS"^ T^^g cells produced and required TGF-/J1 for immunosup- 
pression, and were effective in suppressing lupus autoimmunity upon adoptive transfer in vivo. The CD4*CD25"*^ T cells were 
partially cell contact dependent, but CDS'*" T cells were contact independent Thus, low-dose tolerance with highly conserved 
histone autoepitopes repairs a regulatory defect in systemic lupus erythematosus by generating long-lasting, TGF-/3-producing 
Treg cells, without causing allergic/anaphylactic reactions or generalized immunosuppression. The Journal of Immunology, 2005, 
174: 3247-3255. 



Nucleosomes, derived from apoptotic cells (1), are major 
immunogens for initiating cognate interactions between 
autoimmune Th and B cells in systemic lupus erythem- 
atosus (SLE)'* (2). CD4"^ Th cells drive the production of patho- 
genic anti-DNA autoantibodies in lupus patients and lupus-prone 
SNFl mice (3, 4). Only certain peptides in nucleosomal histones 
are immunodominant, and spontaneous priming to these particular 
epitopes occurs in preclinical lupus. The five major autoepitopes 
for lupus nephritis-inducing Th cells in murine and human lupus 
are Hl'^^.^, H2B,o_33, H3g5_io2. H4is_39. and H4ji_g^ (5-7). 
These peptide epitopes are cross-reactively recognized by autoim- 
mune Th cells and B cells. The peptides accelerate lupus nephritis 
upon immunization, but they delay or even reverse disease upon 
tolerization in high doses (5, 6, 8). These nucleosomal peptides can 
be promiscuously presented and recognized in the context of di- 
verse MHC class II alleles, behaving like universal epitopes (9, 
10). Thus, universally tolerogenic peptides could be developed for 
therapy of lupus in humans despite their HLA diversity. High-dose 
tolerance therapy (300 /ig i.v.) with the autoepitopes was effective 
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in halting the progression of established lupus nephritis in SNFl 
mice (8). However, high-dose peptide given i.v. may not be suit- 
able in humans. Therefore, in this study, we developed therapy 
with 300-fold lower doses of the epitopes administrated s.c. 

Materials and Methods 

Aftce 

NZB and SWR mice were purchased from The Jackson Laboratory. Lupus- 
prone SNFl hybrids were bred and females were used, as approved by the 
Animal Caie and Use Committee. 

Peptides 

All peptides were synthesized by F-moc chemistiy and dieir purity was 
checked by amino acid analysis by the manufacturer (Chiron Mimotopes). 

Tolerance induction with very low doses of peptides 

For long-term experiments, serologically autoimmune, but prenephritic, 
12-wk-old SNFl females (nine mice per group) were injected s.c. with 
either Hl'22-42' H2Bio_33, H2B5P.73, H4,5_39, or H47,_94 peptide (1 /xg/ 
mouse) in saline every 2 wk until the animals died. Control group received 
only saline. The mice were monitored weekly for proteinurea using al- 
bustix (VWR Scientific). Sera were collected every 2V2 months for the 
determination of total IgG and IgG subclasses of antinuclear autoantibod- 
ies. A parallel batch of identically treated mice of each group was followed 
and sacrificed at different time points for evaluation of renal lesions. To test 
the immunological consequences of the tolerance therapy early on, another 
batch of 12-wk-old SNFl mice (five per group) were treated as above, but 
they received a total of three injections of each peptide at 2-wk intervals. 
Ten days after the third injection, these short-term batches of mice were 
sacrificed for analysis of autoinmiune T and B cells and regulatory T (T„g) 
cells. 

Autoantibody quantitation 

IgG class autoantibodies to ssDNA, dsDNA, histone and nucleosome (hi- 
stone-DNA complex) were measured by ELISA (2, 6). Subclasses of IgG 
autoantibodies were detected by ELISA using alkaline phosphatase (AP)- 
conjugated anti-mouse IgGl, IgG2a, IgG2b, and IgG3 (Southern Biote- 
chology Associates). 

Cell isolation 

Total, CD4* and CDS'*' T cells from spleens were purified by ^proptiate 
MACS isolation kits using magnetic bead-conjugated Abs specific to each 
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Ag. CD4*CD25* T cells were purified by a mouse regulatory T cell iso- 
lation kit according to the manufacturer's protocol (Miltenyi Biotec). 
CD28* and CD28~ subsets of CD8* T cells were separated by using 
anti-CD28-PE conjugate and anti-PE Microbeads (Miltenyi Biotec). Purity 
of all isolated cell subsets was >90%. 

Adoptive transfer 

CD4+CD25-, CD4*CD25*, or CDS* T cells (1 X 10* cells/mouse) from 
low-dose peptide (H47i_94 or H4,g_39)-tolerized SNFl mice were purified 
by MACS and then immediately injected i.v. into 4-mo-old SNFl mice. 
One day after transfer, the mice were immunized i.p. with 100 jig of 
H 1 '22-42 peptide in CPA, which accelerates lupus nephritis. Recipient mice 
were monitored for nephritis and IgG autoantibody levels in serum. 

ELISPOT assay 

ELISPOT assay plates (Cellular Technology) were coated with capture 
Abs against IL-2, IL-4, IL-10, or IFN-7 (BD Pharmingen) in PBS at 4°C 
overnight. Splenic T cells (1 X 10*) from treated mice were cultured with 
irradiated (3000 rad) splenic APC (B cells, macrophages, and dendritic 
cells) from 1-mo-old SNFl mice in the presence of peptides or PBS alone 
as control. Cells were removed after 24 h of incubation for IFN-7 and lL-2 
or 48 h for IL-4 and IL-10, and the reactions were visualized by addition 
of the individual anti-cytokine Ab-biotin and subsequent AP-conjugated 
streptavidin. Cytokine-expressing cells were detected by Immunospot 
scanning and analysis (Cellular Technology). 

Cytokine EUSA 

CD4* T cells (1 X 10*) or CDS* T cells (1 X 10*) from low-dose peptide- 
tolerized or -unmanipulated SNFl mice were stimulated with H47i_94 pep- 
tide or Ab to CD3 (1 ;u,g/ml) with splenic APC. Culture supematants were 
collected after 48 h (for TGF-01, after 72 h). IL-10 was measured by BD 
OptEIA ELISA set (BD Pharmingen), For TGF-pl, samples were acidified 
by addition of HCl at 20 mM for 15 min and neutralized by NaOH, and 
then amounts of TGF-j31 were measured by a TGF-jSl Emax Immuno- 
Assay System (Promega). 

Helper suppression assay 

To detect suppression of autoantibody-inducing help, whole T cells (2.5 x 
10*/well) or purified CD4-*-CD25-, CD4+CD25+, or CD8* T cells (0.3, 
0.6, 1.25, or 2.5 X 10*/well) from peptide-tolerized or saline-treated mice 
were cocultured with a helper assay mixture (6) consisting of splenic B 
cells (5 X 10*/well) and Th cells (2.5 X 10*/well) from 3- to 5-mo-old, 
unmanipulated SNFl mice in 24-well plates (or in 96-well plates with l/IO 
cell numbers) for 7 days. The cocultures were performed in the presence of 
10 ftg/ml cognate peptides or 1 /xg/ml nucleosomes. Culture supematants 
were collected and assayed for IgG Abs against dsDNA, ssDNA, histones, 
and nucleosomes as described elsewhere (6). Helper suppression assays 
were also performed in the presence of anti-IL-lO Ab (10-250 /Ag/ml), 
anti-TGF-j3 Ab (10-250 /Ag/ml), or isotype control for each (R&D Sys- 
tems) (11). 

Transwell experiments 

T cells (7.5 X 10') from peptide-treated SNFl mice plus APC (7.5 X 
ICr) were placed in Transwell chambers (12) separated by a 0.4-/xm per- 
meable membrane (Coming Costar) from a helper assay coculture of 
splenic B cells (7.5 X 10^/well) from 4- to 5-mo old and T cells (7.5 X 
10^/well) from 3- to 4-mo-old unmanipulated SNFl mice. After 7 days of 
culture, supematants were assayed for IgG autoantibodies. 

Flow cytometry 

T cells from tolerized or control mice were stained with PE-conjugated 
anti-CD62L, CTLA-4, CD69, PD-1, or 4-lBB (BD Pharmingen), TGF-^l, 
latency-associated protein, or glucocorticoid-induced TNFR family related 
gene (GITR; R&D Systems) at 4°C for 30 min, as described previously 
(13, 14). Matched PE-conjugated IgG isotype controls were used. Cells 
were then stained with FITC-conjugated anti-CD25 and CyChrome-con- 
jugated anti-CD4 at 4°C for 20 min. For intracellular CTLA-4 staining, 
cells were first surface-labeled with FITC-conjugated anti-CD2S and Cy- 
conjugated anti-CD4 for 20 min at 4°C. Cells were then fixed and perme- 
abilized and then stained with PE-anti-CTLA-4 or PE-IgG isotype control. 
Cells were analyzed using FACSCalibur (BD Pharmingen). 

Real-time RT-PCR 

RNA from T cell subsets was isolated by RNeasy kit (Qiagen) and then 
cDNA synthesized to measure expression of Foxp3, as described previ- 
ously (15). 



Examination of kidneys 

Kidney sections were stained with H&E and periodic add-Schiff and 
graded 0-4-1- for pathologic changes in a blinded fashion, as described 
elsewhere (6, 8, 16, 17). Immunohistochemistry was done as previously 
described (6, 17). 

ELISA for anti-hen egg lysozyme (HEL) Abs 

HEL (10 jxglmX) was coated onto 96-well plates (Nunc). After blocking 
with 1% BSA in PBS, serially diluted sera were added. Anti-HEL IgG Abs 
were detected by AP-conjugated anti-mouse IgG (Southern Biotechnology 
Associates). 

Statistical analysis 

Chi-squaie test, log rank test, and the Student two-tailed t test were used. 
Results are expressed as mean ± SEM. 

Results 

Very low-dose peptide epitope therapy postpones lupus nephritis 
and prolongs life span 

Twelve-weel-old prenephritic SNFl females (nine mice per group) 

were injected s.c. every 2 wk with one of the major autoepitopes, 
HI '22_42> H2B]o_33, H4]6_39, OX H47j_9,, Of & nonstimulatory pep- 
tide H2B59__73, each at 1 /xg (~0.42 nM) of peptide per dose per 
mouse in saline. A control group received only saline. The control 
group started developing severe nephritis from 20 wk of age, as 
documented by persistent proteinurea of > 100 mg/dl, and a 3-4-1- 
renal pathology (Fig. lA). At 31 wk of age, 60% of the saline 
control group, 40% of the H2B59_73 peptide-injected group, and 
33.3% of the H2Bio_33-injected group of mice developed severe 
nephritis (p > 0.2), whereas the HI '22-42. H4,g_39, or H47i^4 
peptide-injected mice did not develop disease at ttiis time point 
(p < 0.01). The largest differences were at 35-38 wk of age, when 
80% of the control mice had severe nephritis and the H2Biq_33, 
H2B59_73, or H4i6_39 group had an incidence of 44,4, 60, or 40%, 
respectively {p > 0.1->0.2); whereas in the Hr22_42 or H47i_94 
group the incidence was nil (p < 0.01). By 47 wk of age, all mice 
in the saline control group, 88.8% of the H2B,o_33 group, 80% of 
the H2B59_73 group, and 85.7% of the H4ig_39 group developed 
severe nephritis, whereas only 40% of the HI '22-42 (P < 0-05) and 
20% of the H47,_94 peptide-injected groups had severe nephritis 
(p < 0.01). 

The saline-injected mice rapidly died within 12 mo (Fig. IB). At 

this time, 22.2% of the H2B,o_33 and 20% of the H2B59_73 pep- 
tide-treated animals were alive (p > 0.2), whereas 57.1% of 
the H4]6_39-treated (p < 0.05) and 100% of the HI '22-42 and 
H47,_94-treated animals were alive (p < 0.01). At 15 mo, 11.1% 
of H2B,o_33 and 20% of H2B59_73-treated mice were alive (p > 
0.2), whereas 42.9% of H4i6,39 (p < 0.05), 60% of Hl'22_42 (p < 
0.05), and 100% of H47,_94 (p < 0.01)-treated mice were alive. 
At 21 mo of age, 60% of H47,_94 peptide-treated animals were 
alive (p < 0.05), whereas only 20% of HI '22-42 and 33.3% of 
H4i6_39-treated mice were alive; but all other groups were dead. 
Therefore, very low-dose therapy with H47,_94 extended the life 
span longer than 21 mo, in contrast to the control group that all 
died within 12 mo. Log rank test for survival was consistent: 
Hr22-42-treated group (p = 0.000315), H2Bjo_33-treated group 
(p = 0.153), H2Bs9-73-treated group (p = 0.217), H4,s_39- 
treated (p = 0.0162), and H47i_94-treated group (p = 0.0000182). 

Three months after the start of therapy, kidney sections from 
control mice had an overall score of 3.5 ± 0.5 for nephritis, 
whereas the H47i_g4-, Hr22_42-, or H4ig_39-treated groups 
showed 1.4 ± 0.8 as the overall score (p < 0.001; Fig. IC). Glo- 
merular IgG deposits were observed in kidneys firom both tolerized 
and control mice (Fig. ID), but perivascular and interstitial infil- 
trations of mononuclear cells containing CD4* and CD8* T cells 
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FIGURE 1. Beneficial effects of low-dose tolerance 
therapy. Incidence of severe lupus nephritis (A) and per- 
cent survival (S) of lupus-prone SNFl mice injected 
with respective nucleosomal histone peptide or saline 
every 2 wk (nine mice/group). C, Representative kidney 
sections from peptide-tolerized (left, H47i_94 peptide- 
treated in this example) or control (right, saline-treated) 
SNFl mice (H&E; original magnification, X 100). The 
saline control shows marked perivascular and interstitial 
infiltrate of mononuclear cells, dilated tubules with 
casts, and hyalinized, sclerotic glomeruli. Lower panels 
(original magnification, X400) show that in contrast to 
the peptide-treated mice (left), kidney from control- 
treated mice (right) shows advanced glomerular lesions 
with sclerosis, crescent formation, and marked thicken- 
ing of basement membranes, and perivascular, intersti- 
tial infiltrates of mononuclear cells. D, Representative 
immunohistochemistry (original magnification, X200) 
shows IgG deposits in glomeruli from both control 
(right upper panel) and peptide-tolerized (left upper) 
SNFl mice. However, marked perivascular cellular in- 
filtrates containing IgG* plasma cells (upper right 
panel), as well as CD4+ T (lower left panel), CD8* T 
(lower middle panel), and CD138* plasma cells (lower 
right panel) were detected only in kidneys of control- 
treated mice as shown. Positive staining is brown. The 
results in C and D are representative of five mice per 
group. 
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and IgG-producing B cells were markedly reduced in the peptide- 
treated mice (p < 0.001). 

Very low-dose peptide therapy reduces antinuclear autoantibody 
levels in serum 

Sera were first assayed 2 wk after the fifth injection, i.e., 3 mo after 
starting therapy (at early nephritic age). H47,_94 treatment, as com- 
pared with H2B59_73 (Fig. 2A), was very effective in reducing 
levels of autoantibodies pathognomonic of lupus nephritis (18, 19). 
H47i_94 therapy reduced IgG class autoantibodies to dsDNA, 
ssDNA, nucleosomes, and histones by 41.5, 50, 94.2, and 98.6%, 
respectively (p < 0.01, p < 0.001, p < 0.001, and p < 0.001, 
respectively); that of IgG2a subclass autoantibodies by 54, 95.3, 
94, and 98%, respectively (p < 0.01, p < 0.001, p < 0.001, and 



p < 0.001, respectively); that of IgG2b autoantibodies by 82.9, 68, 
89, and 88%, respectively (p < 0.01, p < 0.01, p < 0.02, and p < 
0.001, respectively); and that of IgG3 autoantibodies by 45, 83.2, 
80, and 99%, respectively (all p < 0.001). IgGl autoantibody lev- 
els were already very low in the controls. 

H4,g_39 therapy also reduced IgG autoantibodies to nuclear au- 
toantigens as much as H47,_94. Hr22_42 therapy reduced the lev- 
els of IgG autoantibodies against dsDNA, ssDNA, and nucleosome 
efifectively, but not against histone. H2B,o_33 reduced the levels of 
IgG2a autoantibodies against dsDNA and ssDNA by 25% (p < 
0.02) and 85% (p < 0.001), respectively, and that of lgG2b au- 
toantibodies against dsDNA, ssDNA, and nucleosomes by 93, 61, 
and 82%, respectively (p < 0.001, p < 0.001, and p < 0.05, 
respectively), but the levels of IgG2a against nucleosome and 
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FIGURE 2. Low-dose peptide therapy markedly re- 
duces the levels of IgG class autoantibodies (A) and 

their subclasses (B) in serum. In this sampUng, SNFl 
mice were bled after 3 mo of treatment (at 6 mo of age) 
and were assayed for levels of IgG autoantibodies to 
dsDNA, ssDNA, histone, and nucleosomes. Autoanti- 
body levels (mean ± SEM, mg/dl) are from nine mice 
per treatment group (key within figure). It should be 
noted that the commercial Ab reagents used to measure 
IgG class as a whole vs IgG subclasses were different in 
sensitivity, thus the standard curves were not 
comparable. 
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histone actually increased by 29 and 34%, respectively. The low- 
dose peptide therapy did not cause IgGI isotype shift (Th2 devi- 
ation), and total polyclonal IgG levels were not significantly dif- 
ferent among the groups. 

T cell response to autoepitopes was markedly reduced in 
peptide-treated mice 

To test the immunologic consequences of the low-dose peptide 
therapy early on, a separate set of 12- to 14-wk-oId SNFl mice was 
injected with the most effective peptide epitope (H4i6_39 or Yi^-ji_g^, 
or saline, or H2B59_73 every 2 wk, three times, and then sacrificed. 
Animals were 18-20 wk old at this time. T cells in unmanipulated 
SNFl mice are spontaneously primed to the major nucleosomal 
peptide epitopes early in life and respond to them in vitro (5, 6). T 
cells from peptide-treated or control mice in this study were chal- 
lenged with the epitopes by coculturing with APC in the presence 
of the peptides or nucleosomes, and their cytokine responses were 
measured (IL-2, IL-4, IL-10, and IFN-7). Only IFN-y was de- 
tected. T cells from Hr22_42> H4i6_39, and H47,_g4- treated mice 
showed markedly reduced responses, as compared with the control 
group (Fig. 3A). Hr22_42-treated mice showed the highest reduc- 
tion at 1 /Ag/ml cognate epitope {p < 0.001). The therapy also 
reduced responses to other epitopes (H4]6_39, H47i_94) cross-re- 
actively (p < 0.05). H4.y^_g^ treatment resulted in the highest in- 
hibition of response to cognate epitope at O.I /xg/ml (p < 0.01), as 
well as to the other epitopes, H 1 '22-42 and H4ig_39 {p< 0.01 ; Fig. 
3A). H4,6_39 treatment also markedly reduced responses to cog- 
nate epitope (optimally at 1 /ig/ml, p < 0.001) as well as to 
HI '22-42 and H47,_94 (p < 0.001). 



Because low-dose peptide treatment reduced IFN-7 responses 
against histone peptide epitopes cross-reactively (Fig. 3A), T cell 
responses to whole nucleosomes were also assessed and found to 
be significantly reduced in H47i_94- treated mice (Fig. 3fi). Similar 
results were found in fiV^i-Ai Ip < 0-01) and H4i6_39-treated 
mice (p < 0.001, data not shown). 

Very low-dose peptide therapy generates CDS* and 

CD4'-CD25*^ r,,g cells 

Low-dose peptide treatment suppressed autoantibodies without 
causing Thl/Th2 deviation, indicating the possibility of T^^g cell 
involvement. Using the helper-suppression assay, the ability of 
CD4*CD25~ T cells, CD4+CD25"^ T cells, or CDS"*' T cells from 
the peptide-treated mice to suppress nucleosome-stiraulated auto- 
antibody production in cocultures of lupus Th and B cells of un- 
manipulated SNFl mice was determined. CD4''"CD25* T cells 
and CD8"^ T cells from tolerized mice strongly suppressed the 
ability of unmanipulated lupus CD4"'' T cells to help B cells to 
produce IgG autoantibodies (Fig. 4A). Because help was already 
optimal in the nucleosome-stimulated helper assay cultures, the 
levels of autoantibodies produced by unmanipulated SNFl lupus 
Th and B cells cultured by themselves did not change significantly 
upon their cocultures with the CD4"^CD25~ T cells from the 
treated mice. Compared with those levels, suppressions of auto- 
antibodies to dsDNA, ssDNA, and nucleosomes by CD4'^CD25'*' 
T cells from H4ig_39-treated mice were 25, 98.8, and 83%, re- 
spectively (p < 0.05, p < 0.001, p < 0.001, respectively); from 
H47i_94-treated were mice 24, 74, and 76% (all p < 
0.01-<0.001); but from age-matched unmanipulated SNFl mice 
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FIGURE 3. Low-dose peptide therapy decreases IFN-7 responses by 
lupus T cells in ELISPOT. A, Splenic T cells from saline, Hr22„42, H4,5_35, 
or H47,_94 peptide-treated SNFl mice were challenged with tolerizing pep- 
tide epitope and other relevant epitopes in various concentrations in vitro. 
Baseline IFN-y spots in lupus T plus APC cultures without Ag were 5 ± 
3 spots per 1 X 10* T cells. B, Low-dose treatment mfh peptide (H47i_94- 
treated group shown here) also inhibited IFN-7 responses to nucleosomes 
in vitro as compared with control SNFl mice. IFN-7 responses are ex- 
pressed in mean ± SEM positive spots per 1 X 10* T cells from three 
experiments (five mice per group). 



were 7, 6.2, and 17% (p > 0.2), respectively. Similarly, suppres- 
sions of autoantibody production to dsDNA, ssDNA, and nucleo- 
some by CDS* T cells from the same groups, respectively, were 
41, 99.8, and 72.6% (all p < 0.001); 55, 78„ and 90% (all p < 
0.001); and 15, 17, and 21.2% (p < 0.02). Both sets of T„g cells 
from peptide-treated mice were effective at up to a 1:10 ratio in 
inhibiting autoantibody production in the helper-suppression as- 
says (data not shown). 

Direct suppressing ability of the IFN-7 response to autoantigen 
was also determined by coculturing T„g cells from treated mice 
with T cells from 5Vi-mo-old unmanipulated SNFl mice in the 
presence of nucleosomes (1 jig/ml; Fig. 4B). Both sets of T„g cells 
from peptide-treated mice were effective at up to a 1 : 100 ratio (T^eg 
cells:target lupus T cells) in strongly inhibiting autoantigen-spe- 
cific responses of lupus T cells in ELISPOT assays (p < 0.001, 
Fig. 45). 

Taken together, CD4"^CD25"^ or CD8"^ T cells from peptide- 
treated mice showed 3- to 16-fold greater suppressive activity on 
autoantibody production and nucleosome-specific responses than 
equivalent numbers of those cells from age-matched control SNFl 
mice (Fig. 4,p < 0.01-<0.001). Furthermore, we could not detect 
any differences in the suppressive ability of CD28"^ vs CD28~ 
subsets of CDS"*" T cells, as foimd in other systems (20). 
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FIGURE 4. Induction of potent CD4+CD25+ and CD8+ T„g cells by 
low-dose peptide therapy. A, CD4"^CD25*T cells and CDS* T cells from 
low-dose peptide-tolerized SNFl mice suppressed anti-dsDNA, anti- 
ssDNA, and anti-nucleosome autoantibody production by lupus Th and B 
cells from S-mo-old, unmanipulated SNFl mice in the nucleosome-stim- 
ulated, helper suppression assay (in these examples, the ratio of T„g:lupus 
Th was 1:1). Baseline levels of IgG autoantibodies produced by B cells 
cultured by themselves were: anti-dsDNA, 0.01 ± 0.005; anti-ssDNA, 
0.04 ± 0.006; antinucleosome, 0.02 ± 0.001; and antihistone, 0.03 ± 
0.002 mg/dl. B, T„g cells induced by peptide treatment also suppressed 
directly the IFN-7 responses of unmanipulated SNFl lupus T cells to nu- 
cleosomes presented by APC in the ELISPOT assay (ratio of Treg:lupus 
Th = 1:10). Results are expressed as percent suppression (mean ± SEM) 
from three experiments (five mice per group). Baseline number of IFN-7 
spots produced by lupus T cells plus APC cultures without Ag were 10 ± 
4 spots per 1 X 10* T cells. The purity of each subset of T cells was >90%. 



Adoptively transferred 7"„g cells suppress autoantibody 
production and nephritis in vivo 

We isolated each T„g subset from peptide-treated mice and adop- 
tively transferred them into prenephritic (4-mo-old) SNFl mice. 
One day after adoptive cell transfer, recipient SNFl mice were 
immunized with pathogenic HI '22^42 in CFA. SNFl mice immu- 
nized with Hr22..42 (100 /Ag/mouse) in adjuvant (CFA) developed 
severe nephritis and produced high levels of autoantibodies earlier 
than age-matched SNFl mice injected with CFA alone or the non- 
stimulatory peptide H2B59_73 in CFA, as described previously (6). 
CD4'^CD25" T cell transfer did not affect autoantibody levels in 
the Hr22_42-inimunized mice, since they were maximally immu- 
nostimulated by autoantigen immunization (6). In comparison to 
those levels, suppression of serum autoantibodies to dsDNA, 
ssDNA, nucleosomes, and histone by CD4"^CD25"^ T„g cells from 
H47i_94-treated mice was 40, 75, 94, and 97%, respectively (p < 
0.025-<0.001) and from H4jg_39- treated mice waslOO, 80, 92, 
and 94%, respectively (all p < 0.001; Fig. 5). Suppression of the 
same IgG autoantibodies by CD8* T^g cells from H47,_94-treated 
group was 45, 95, 94, and 97%, respectively (p < 0.025-<0.001) 
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FIGURE 5. Adoptive transfer of T„g cells suppresses pathogenic auto- 
antibodies in lupus-accelerated SNFl mice. CD4"^CD25~ T, CD4*CD25* 
T, and CD8* T cells from H47i_94-treated (A) or H4is_39-treated (B) SNFl 
mice were purified by MACS and immediately injected i.v. into 16-wk-old 
recipient SNFl at 1 X 10* cells/mouse. One day after transfer, the recipient 
mice were immunized with 100 jAg of HI '22.42 peptide in 0.1 ml of CFA. 
After transfer, proteinurea was measured every week. One month after 
immunization, sera were collected for measuring IgG class autoantibodies 
to nuclear Ags (five mice per group). Levels of autoantibodies in serum of 
Hr22_42-i™™un'zed SNFl mice without adoptive transfer were not sig- 
nificantly different from those in Hr22_42-inmuin>zed SNFl mice that had 
received CD4*CD25" T cells from peptide-tolerized mice (p > 0.05). The 
purity of each subset of T cells was >90%. 



and from H4j6_39-treated mice was 99, 76, 97, and 97%, respec- 
tively (allp < 0.001; Fig. 5). Both types of T„g cells inhibited 
serum autoantibody levels for up to 2 mo after the one-time adop- 
tive transfer. During this period, 30% of the CD4"^CD25"" T cell 
recipient group developed severe nephritis within 6 wk of immu- 
nization with Hr22_42 and died a week later (data not shown). 



whereas the incidence of severe nephritis and death in the T„g cell 
recipient groups was nil at this time (p < 0.05). Because the lupus- 
prone mice were maximally stimulated by major autoepitope im- 
munization, incidence of disease and level of autoantibodies in 
HI' 22-42"™''^unized SNFl mice without adoptive transfer were 
not significantly different from that in Hr22_42-irnmunized SNFl 
mice that had received CD4'^CD25~ T cells from peptide-toler- 
ized mice (Fig. 5). After 2y2 mo posttransfer, all of the mice re- 
ceiving CD4'*'CD25"^ Treg cells still survived {p < 0.05), but 30% 
of mice receiving either CD4"^CD25" or CD8* cells were dead. 
The one-time recipients of CD4"^CD25"^ T„g cells still had higher 
survival at 3Vi mo posttransfer, as compared with the latter groups 
(75% vs 50%). 



Both sets of T„g produce TGF-ji, but only CD4*CD25* T„g 
cells are partially contact dependent 

We found that Ab to IL-10 (10-250 ;u,g/ml) did not abrogate the 
suppression by the T„g cells in the helper-suppression assay (data 
not shown). With 10-250 ju,g/ml aiiti-TGF-/3 Ab, CD4-^CD25"^ T 
cell-raediated suppression of production of autoantibodies to 
dsDNA was not affected; however, that to ssDNA and nucleo- 
somes was reduced, but not abrogated. However, the suppression 
by regulatory CD8"^ T cells in the same helper assay cultures was 
almost completely abrogated by anti-TGF-/3 Ab (Fig. 6/4). Fur- 
thermore, CD8"^ Tj^g cells could suppress autoantibody production 
across a Transwell membrane barrier (Fig. 6fi), indicating that sol- 
uble TGF-j8 from these cells mediates the immunosuppression. 
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FIGURE 6. Suppression of IgG autoantibody production by CD4*CD25* T cells is mediated by TGF-/3 and cell contact, but suppression by CDS* T 
cells is mediated mainly by TGF-J3. CD4*CD25* or CDS* T cells (5 X lO' each) from H47,_(,4- or H4,6_35i-tolerized mice were cocultured with T and 
B cells (1 X 10^ each) from 3- to 4-mo-old unmanipulated SNFlraice in the presence of nucleosomes and anti-cytokine Abs (five mice per group). A, 
Representative helper suppression assay in the presence of 250 /ng/ml anti-TGF-j3 or isotype control. B, T„g cells were separated by membranes from helper 
assay mixtures containing nucleosomes plus lupus T and B cells from unmanipulated, 3- to 4-mo-old SNFl in Transwell plates. It should be noted that the 
helper assay mixture of lupus T and B cells used here (A and B) came from 1- to 2-mo younger, unmanipulated SNFl mice than those in Fig. 4A. The purity 
of each subtype of T cells was >90%. C, TGF-JSI production by CD4*CDC25* or CDS* T cells (1 X 10* each) from H47,^ peptide-tolerized mice 
stimulated with H47,_94 or soluble anti-CD3 (1 jig/ml) plus APC. Results are expressed in mean ± SEM from three experiments. Baseline values of TGF-p 
production without stimulation were 318 ± 14 pg/ml for CD4*CDC25* T cells and 217 ± 20 pg/ml for CDS* T cells from the H47i_94 peptide-tolerized 
mice. D, Percentage of CD4*CD25* T cells in 1 X 10^ splenocytes from low-dose peptide-tolerized mice and control mice are shown. This result is 
representative of nine separate experiments. 
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The CD4"^CD25'^ T cells showed reduced suppression of autoan- 
tibody production through the membrane, indicating their suppres- 
sion is significantly contact dependent (p < 0.01). We next mea- 
sured TGF-/31 production by T,^g cell subsets (Fig. 6C). Both 
CD4+CD25* and CD8"^ T cells from peptide-treated mice pro- 
duced increased amounts of total TGF-jSl upon stimulation with 
H47,_94 or anti-CD3. 

Phenotypes ofCD4*CD25* and CD8* T^^ cell subsets 

We analyzed cell surface molecules that are relevant to T^g cells 
(13, 14, 21). Peptide therapy increased the numbers of 
CD4'^CD25"^ T cells up to 1.8-fold more in SNFl mice than in 
controls {p < 0.02; Fig. 6D). Total numbers of CD4*CD25* 
CD62L"^ T cells per 1 X 10* splenocytes in peptide-tolerized mice 
were 2.3 X 10* and those from controls were 1.9-fold less (1.2 X 
10'*). CD4+CD25+ cells, but not CD8+ T,^g cells from m^^_g^- or 
H4i5_3g-treated mice, showed slightly (1.3-fold) increased Foxp3 
expression than controls {p < 0.01, data not shown). The CD8"^ T 
cell population was strongly positive for surface expression of 
TGF-|3, CD62L, and GITR, and the CD4*CD25"^ T cells were 
strongly positive for GITR, CD62L, TGF-/3, LAP, and CTLA-4 
(data not shown). Low-dose peptide therapy did not change the 
overall phenotypes of CD4'^CD25"^ T or CDi^ T cells, when 
compared with the same subsets isolated from control SNFl mice 
(data not shown), indicating that a small percentage of autoanti- 
gen-specific T„g cells are induced. 

The autoepitope peptides that are effective in low-dose therapy 

contain class I epitopes 

The nucleosomal histone peptides having MHC class II epitopes 
stimulate CD4"^ autoimmune Th cells of lupus (5-7, 9). Because 
CD 8"^ Treg cells were also induced by these autoepitopes, we 
looked for MHC class I-binding motifs, as described elsewhere 
(22, 23). Proteasomal cleavage probabiUty and MHC-peptide- 
binding scores were assigned by computer prediction (http:// 
www.mpiib-berlin.mpg.de/MAPPP/). We considered motifs with 
scores >0.5 as class I epitopes. The highest overall score for the 
sequence (bold, underlined) in the peptide containing the motif for 
binding to each class I molecule of the H-2'' haplotype is shown 
(the SNFl mice are H-2'^'' in haplotype): H47i_g4 TYTEHAKRK 
TV TAMDWYAL KROG (K", and L" motif); K": cleavage prob- 
ability: 1.0, binding score: 0.42, overall score: 0.71; L**: cleavage 
probability: 1.0, binding score: 0.32, overall score: 0.66; H4i6_39 
KRHRKVLRD NIOGITKPA IRRLAR (K" motif); K"*: cleavage 
probability: 1 .0, binding score: 0.34, overall score: 0.67; 
KR HRKVLRDNI OGITKPAIRRLAR (L" motif); L": cleavage 
probability: 1.0, binding score: 0.30, overall score: 0.64; and 
Hr22-42 STDH PKYSDMIVAAI OAEKNR (K^ motif); K": 
cleavage probability: 1.0, binding score: 0.53, overall score: 0.76. 

Low-dose therapy does not cause generalized 

immunosuppression 

SNFl mice were tolerized with peptide or saline as con- 

trol. Ten days after the third injection, the mice were immunized 
with HEL in CFA (100 ju,g/mouse) twice at 2-wk intervals. Seven 
days after the second immunization, the mice were bled to measure 

anti-HEL Ab response. Low-dose peptide-tolerized mice actually 
produced a 2-fold higher titer of anti-HEL Ab than control mice 
(Fig. 7). Moreover, IFN-7 or IL-2 response to in vitro rechallenge 
with HEL was actually increased in low-dose peptide-tolerized 
mice than in control mice {p < 0.01), but responses to anti-CD3 
were similar in both groups (p > 0.2, Fig. 7 and data not shown). 
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FIGURE 7. Low-dose tolerance therapy does not cause generalized im- 
munosuppression. Control or low-dose peptide (H4 7,_94)-tolerized SNFl 
mice were immunized with HEL in CFA and then immune responses to 
HEL in both groups were compared (five mice per group). A,. Anti-HEL 
Ab responses were analyzed by ELISA. B,. IFN-7 responses to HEL or 
anti-CDS Ab were measured by ELISPOT. Results are expressed as 
mean ± SEM from three experiments. 



Discussion 

Our studies indicate that nucleosomal-histone peptide epitopes are 
suitable for Ag-specific tolerance therapy of lupus. Nucleosome is 
one of the major iirununogens driving lupus autoimmunity in mu- 
rine and human SLE (2, 5, 7, 24, 25). Critical peptide epitopes 
from nucleosomal histones are recognized by autoimmune T cells 
of lupus patients, irrespective of their MHC haplotypes (5-7). The 
peptide epitopes are derived from a highly conserved, ubiquitous 
self-Ag, which is a product of ongoing apoptosis in generative 
lymphoid organs. Therefore, we have not observed any anaphy- 
lactic/allergic reactions with these peptides when used either for 
immunization or for tolerance therapy in >1000 SNFl mice. Our 
peptides, administered s.c. in a very low-dose regimen, generate 
T^gg cells that suppress by TGF-^ and/or by cell contact rather than 
causing Th2 deviation with allergic reactions seen in the case of 
peptide therapy of experimental autoimmune encephalomyelitis/ 
multiple sclerosis and NOD diabetes (26, 27). Beneficial effects of 
our peptides outlast their short half-life by generating longer-last- 
ing T^g cells. 

Thus, only 1 jag of nucleosomal histone peptide (Hl'22_42> 
H4,6_39, or H4.7i_94) injected s.c. every 2 wk to SNFl mice with 
clinically overt lupus could restore the fife span to normal (~2 
year) by markedly delaying death from severe nephritis. This s.c. 
dosage is 300- to 1000-fold lower than what we have previously 
used for i.v. nucleosomal peptide therapy (8) and what others have 
applied with anti-DNA autoantibody V region and related peptides 
(28-30). After 3 mo of low-dose Hl'22_42> H4jg_39, or H^yi^gn 
peptide treatment, IgG autoantibodies against nuclear Ags were 
reduced up to 90-100% as compared with controls after 3-mo 
therapy, indicating impairment of pathogenic T cell help. Interest- 
ingly, IgG deposits were observed in kidneys from both tolerized 
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and control mice, which did not correlate with their serum auto- 
antibody levels. However, perivascular and interstitial infiltrations 
of mononuclear ceEs containing T, B, and plasma cells were mark- 
edly decreased in the peptide-tolerized SNFl mice in contrast to 
control mice. Thus, very low-dose peptide therapy especially pre- 
vented local inflammatory damage in kidneys possibly by dimin- 
ishing migration and activation of nephritogenic T and B cells, 
which might share antigenic specificities with the cells responsible 
for autoantibody production in the periphery. 

Consistent with previous work, we found that pathogenic lupus 
T cells responding to nucleosomal epitopes are mainly IFN-7-pro- 
ducing Thl cells (5, 6). Each peptide treatment cross-reactively 
suppressed responses by lupus T ceUs to other peptide epitopes in 
addition to the tolerizing peptide and to nucleosomes, the major 
lupus immunogen containing many autoepitopes. A single peptide 
from a histone in the nucleosome can be recognized by multiple 
autoimmune T cells with diverse TCRs and, conversely, a single 
autoimmune T cell can promiscuously recognize multiple nucleo- 
somal peptides that are structurally different (5, 8, 9). Thus, a sin- 
gle epitope may tolerize multiple autoimmune Th cells and toler- 
izing one set of Th cells would deprive help for a broad spectrum 
of autoimmune B cells (tolerance spreading). The suppression of 
the IFN-7 response to autoantigens was dose dependent, demon- 
strating autoantigen specificity, but it was overcome at higher 
doses, as in other systems (3 1). Increased production of TGF-/3 by 
Treg cells upon stimulation with nucleosomal peptide and lack of 
suppression of the immune response to foreign Ag (HEL) immu- 
nization, again indicates that the peptide therapy generated autoan- 
tigen-specific T^g cells. Moreover, suppression of help in autoan- 
tibody production by the T^^g cells also required the presence of 
nucleosomes (autoantigenic stimulation) in the helper-suppression 
assay cultures. 

Thus, the low-dose nucleosomal peptide therapy repairs defi- 
ciencies of TGF-j3-producing cells and CDS* T„g function that 

has been observed in SLE (32-36). Unlike the case in organ-spe- 
cific autoimmunity (15, 31, 37), the role of CD4'^CD25'*' T„g in 
spontaneous SLE is controversial (38), but they could be potently 
induced by our therapy. We found that IL-10 is not involved in 
suppression of lupus with the low-dose peptide therapy. Like high- 
dose tolerance i.v. (8), nasal tolerance with one of the auto- 
epitopes, H47i_94, also could delay or treat lupus nephritis in SNFl 
mice, but by generating IL-lO-producing T cells (39). IL-lO-pro- 
ducing Tfeg cells might benefit lupus with some caveats (30, 40). 

The CD4'^CD25"^ T.^g population could contain a subset of T 
cells that were secondarily induced to produce TGF-/3, which sup- 
presses autoimmunity (13, 32, 35, 41, 42). CD8"^ T^g cells in- 
duced by low-dose tolerance were not CTL because they sup- 
pressed across membranes, even though the autoepitope peptides 
inducing such T^^g cells contained class I-binding motifs. Thus, the 
CDS"^ Tj(.g cells we have induced by nucleosomal peptides are 
different from the TCR clonotype-specific and cytotoxic suppres- 
sor cells in other systems (20, 22, 43-45). TGF-j3 produced by the 
CD8"^ T cells could have induced some of the CD4'*'CD25'^ T,„ 

leg 

cells in our system. Indeed, the suppressive effect of these adaptive 
T^^g cells were similar at 1:1, 1:10, or 1:100 ratios (suppressor: 
target), suggesting involvement of "infectious tolerance" mecha- 
nisms, as in other systems (12, 42). We are in the process of study- 
ing how a combination of CD4"*'CD25'^ and CD8"^ T.^g cells 
could interact in our low-dose peptide tolerance system, as exem- 
plified in a graft-versus-host disease model (46). Although our 
long-term studies with spontaneous lupus disease were in progress 
(see footnote #2), another group induced a CD4'*'CD25"^ subset of 
T,£g cells by continuous infusion of a model Ag in low doses (47). 



Thus, although lupus T cells are resistant to classical anergy 
induction (48-50), tolerance therapy with select nucleosomal pep- 
tides still works by generating suppressive T„g cells that impair T 
cell help for production of a broad spectrum of pathogenic auto- 
antibodies and especially inhibit inflammatory insults in the lupus 
kidney. Moreover, these T^g cells induced by very low-dose tol- 
erance could possibly suppress activated dendritic cells and other 
APC in lupus (51, 52). 
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Summary 

Members of the tumor necrosis factor (TNF) family induce pleiotropic biological responses, in- 
cluding cell growth, differentiation, and even death. Here we describe a novel member of the 
TNF family, designated BAFF (for B cell activating factor belonging to the TNF family), 
which is expressed by T cells and dendritic cells. Human BAFF was mapped to chromosome 
13q32-34. Membrane-bound BAFF was processed and secreted through the action of a pro- 
tease whose specificity matches that of the furin family of proprotein convertases. The expres- 
sion of BAFF receptor appeared to be restricted to B cells. Both membrane-bound and soluble 
BAFF induced proliferation of anti-immunoglobulin M-stimulated peripheral blood B lym- 
phocytes. Moreover, increased amounts of immunoglobulins were found in supernatants of 
germinal center-like B cells costimulated with BAFF. These results suggest that BAFF plays an 
important role as costimulator of B cell proliferation and function. 

Key words: tumor necrosis factor • B lymphocytes • T lymphocytes • B cell growth • 
immunoglobulin G 



Members of the TNF cytokine family are critically in- 
volved in the regulation of inflsimmation, of the im- 
mune response to infections, and of tissue homeostasis (1). 
The family members are type II membrane proteins that can 
act in a membrane-bound form or as proteolytically pro- 
cessed, soluble cytokines in an autocrine, paracrine, or endo- 
crine manner (1). Binding of the ligands to their respective 
receptors induces oligomerization, initiating downstream 
signaling events. 

Signaling pathways stimulated by TNF ligand members 
are diverse, including the activation of caspases, the translo- 
cation of nuclear factor (NF)-kB,' or the activation of mito- 
gen-activated protein kinases such as c-Jun NH2-terminal 
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ligand; TRAIL, TNF-related apoptosis-inducing ligand; wt, wild-type. 



kinase QNK) or extracellular signal regulatory kinase (ERK) 
(1). Thus, TNF-related ligands can lead to apoptosis, differ- 
entiation, or proliferation. Presently 16 members of the 
TNF-cytokine family have been described, several among 
them having important regulatory roles in function and de- 
velopment of the immune system. For instance, TNF acts 
as an inflammatory cytokine coordinating host defenses in 
response to infection (2). The lymphotoxin (LT) system is 
crucial in the development of peripheral lymphoid organs 
and the organization of splenic architecture (3, 4). Fas ligand 
(FasL, CD95L), TNF, and CD30L are responsible for 
TCR-mediated apoptosis of T cells and of immature thy- 
mocytes (5-7). Several of the TNF members and their re- 
ceptors, in conjunction with TCR stimulation, also en- 
hance T cell proliferation. Therefore, upregulation of TNF 
c3rtokine members and their receptors by TCR-induced 
signals can provide an autocrine costimulatory mechanism 
to increase the lymphocj^e's own proliferation after stimu- 
lation with the antigen. However, upregulation of TNF- 
related ligands on T cells is also important for the activation 
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and stimulation of neighboring cells. For example, CD40L 
is important for B cell survival, proliferation, Ig isotype 
switch, and differentiation (8), and the interaction of OX40 
with OX40L is necessary for the differentiation of activated 
B cells into high Ig-producing cells (9). 

Here we characterize the structural and functional prop- 
erties of a new ligand of the TNF cytokine family. The 
new ligand, termed BAFF (B cell activating factor belong- 
ing to the TNF family) , appears to be expressed by T cells 
and dendritic cells for the purpose of B cell costimulation, 
and may therefore play an important role in the control of 
B cell function. 



Materials and Methods 

Materials. The anti-Flag M2 mAb, biotinylated anti-Flag M2 
antibody, and the anti-Flag M2 antibody coupled to agarose were 
purchased from Sigma Chennical Co. Cell culture reagents were 
obtained from Life Sciences and BioWhittaker. Flag-tagged solu- 
ble human APRIL (a proliferation inducing ligand; residues Khq- 
Lz5o) was produced in 293 cells as described (10, 11). FITC- 
labeled anti-CD4, antl-CD8, and anti-CD19 antibodies were 
purchased from PharMingen. Goat F(ab')2 specific for the Fc;^ 
fragment of human IgM were purchased from Jackson Immune- 
Research Laboratories. Secondary antibodies were obtained from 
either PharMingen or Jackson ImmunoResearch Laboratories 
and were used at the recommended dilutions. 

Cells. Human embryonic kidney 293 T cells (12) and fibro- 
blast cell lines (see Table I) were maintained In DMEM contain- 
ing 10% heat-inactivated FCS. Human embryonic kidney 293 
cells were maintained In DMEM-nutrient mix F12 (1:1) supple- 
mented with 2% FCS. T cell lines, B cell lines, and macrophage 
cell lines (see Table I) were grown in RPMI supplemented with 
10% FCS. Molt-4 cells were cultivated in Iscove's medium sup- 
plemented with 10% FCS. Epithelial cell lines were grown in 
MEM-a medium containing 10% FCS, 0.5 mM nonessential 
amino acids, 10 mM Na-Hepes, and 1 mM Na pyruvate. Human 
umbilical vein endothelial cells were maintained in Ml 99 me- 
dium supplemented with 20% FCS, 100 |xg/ml of epithelial cell 
growth factor (Collaborative Research, Inotech), and 100 |J,g/ml 
of heparin sodium salt (Sigma Chemical Co.). All media con- 
tained penicillin and streptomycin antibiotics. 

PBLs were isolated from heparinized blood of healthy adult 
volunteers by Flcoll-Paque (Amersham Pharmacia Biotech) gra- 
dient centrifugatlon and cultured in RPML 10% FCS. 

T cells were obtained from nonadherent PBLs by rosettlng 
with neuraminidase-treated sheep red blood cells and separated 
from nonrosetting cells (mostly B cells) by Ficoll-Paque gradient 
centrifugatlon. Purified T cells were activated for 24 h with phy- 
tohemagglutinin (1 |xg/ml; Sigma Chemical Co.), washed, and 
cultured in RPML 10% FCS. 20 U/ml of IL-2. CD14+ mono- 
cytes were purified by magnetic cell sorting using anti-CD 14 an- 
tibodies, goat anti-mouse-coated mlcrobeads, and a Minimacs™ 
device (Miltenyi Biotech), and cultivated in the presence of GM- 
CSF (800 U/ml. Leucomax®; Essex Chemie) and IL-4 (20 ng/ml; 
Lucerna Chem) for 5 d. then with GM-CSF, IL-4, and TNF-a 
(200 U/ml; Bender) for an additional 3 d to obtain a CD83+, 
dendritic cell-like population. 

Human B cells of >97% purity were Isolated from peripheral 
blood or umbilical cord blood using antl-CD19 magnetic beads 
(M450; Dynal) as described (13). 



Northern Blot. Northern blot analysis was carried out using 
Human Multiple Tissue Northern Blots I and II (7760-1 and 
7759-1; Clontech). The membranes were incubated in hybrid- 
ization solution (50% formamlde, 2.5 X Denhardt's, 0.2% SDS, 
10 mM EDTA. 2X SSC, 50 mM NaH2P04. pH 6.5. 200 (j,g/ml 
sonicated salmon sperm DNA) for 2 h at 60°C. Antisense RNA 
probe containing the nucleotides corresponding to amino acids (aa) 
136-285 of human BAFF (hBAFF) was heat denatured and added 
at 2 X 10^ cpm/ml in fresh hybridization solution. The mem- 
brane was hybridized 16 h at 62°C, washed once , in 2X SSC, 
0.05% SDS (30 min at 25°C), once in 0.1 X SSC, 0.1% SDS (20 
min at 65°C), and exposed at — 70°C to x-ray films. 

Characterization of BAFF cDNA. A partial sequence of hBAFF 
cDNA was contained in several expressed sequence tag (EST) 
clones (sequence data available from EMBL/GenBank/DDBJ 
under accession nos. T87299 and AA166695) derived from fetal 
liver and spleen and ovarian cancer libraries. The 5 ' portion of the 
cDNA was obtained by 5' rapid amplification of cDNA ends 
(RACE) PGR (Marathon-Ready cDNA; Clontech) with oligo- 
nucleotides API andJT1013 (5'-ACTGTTTCTTCTGGACCC- 
TGAACGGC-3') using the provided cDNA library from a pool 
of human leukocytes as template, as recommended by the manu- 
facturer. The resulting PCR product was cloned into PCR-0 
blunt (Invitrogen) and subcloned as EcoRI-PstI fragment into 
pT7T3 Pac vector (Amersham Pharmacia Biotech) containing 
EST clone T87299. Therefore, full-length hBAFF cDNA was 
obtained by combining 5' and 3' fragments using the internal PstI 
site of BAFF. The sequence has been assigned EMBL/GenBank/ 
DDBJ accession no. AFl 16456. 

A partial 617-bp sequence of murine BAFF was contained in 
two overlapping EST clones (EMBL/GenBank/DDBJ accession 
nos. AA422749 and AA254047). A PCR fragment spanning nu- 
cleotides 158-391 of this sequence was used as a probe to screen a 
mouse spleen cDNA library (Stratagene, Inc.). The sequence has 
been assigned EMBL/GenBank/DDBJ accession no. AFl 19383. 

Expression of Recombinant BAFF. Full-length hBAFF was am- 
plified using oligos JT1069 (5'-GACAAGCTTGCCACCATG- 
GATGACTCCACA-3') andJT637 (5'-ACTAGTCACAGCA- 
GTTTCAATGC-3'). The PCR product was cloned into PCR-0 
blunt and resubcloned as Hindlll-EcoRI fragment into PCR-3 
mammalian expression vector. A short version of soluble BAFF 
(sBAFF/short, aa Q136-L285) was amplified using oligos JT636 
(5'-CTGCAGGGTCCAGAAGAAACAG-3') and JT637. A long 
version of sBAFF (sBAFF/long, aa L83-L285) was obtained from 
full-length BAFF using internal PstI site. sBAFFs were resub- 
cloned as Pstl-EcoRI fragments behind the hemagglutinin signal 
peptide and Flag sequence of a modified PCR-3 vector, and as 
Pstl-Spel fragments Into a modified pQE16 bacterial expression 
vector in frame with an NH2-terminal Flag sequence (14). Con- 
structs were sequenced on both strands. 

The establishment of stable 293 cell lines expressing the short 
soluble form or full-length BAFF, and the expression and purifi- 
cation of recombinant sBAFF from bacteria and mammalian 293 
cells were performed as described (14, 15). 

Reverse Transcriptase PCR. Total RNA extracted from T cells, 
B cells, in vitro-derlved Immature dendritic cells, 293 wild-type 
(wt) and 293-BAFF (full-length) cells was reverse transcribed us- 
ing the Ready to Go system (Amersham Pharmacia Biotech) accord- 
ing to the manufacturer's instructions. BAFF and P-actin cDNAs 
were detected by PCR amplification with Taq DNA polymerase 
(steps of 1 min each at 94°C, 55°C, and 72°C for 30 cycles) using 
specific oligonucleotides: for BAFF. JT1322 5'-GGAGAAG- 
GCAACTCCAGTCAGAAC-3' andJT1323 5'-CAATTCATC- 
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CCCAAAGACATGGAC-3'; for IL-2 receptor a chain, JT1368 
5'-TCGGAACACAACGAAACAAGTC-3' and JT1369 5'-CTT- 
CTCCTTCACCTGGAAACTGACTG-3'; and for ^-actin. 
5'-GGCATCGTGATGGACTCCG-3' and 5'-GCTGGAAGGT- 
GGACAGCGA-3'. 

Gel Permeation Chromatography. 293 T cells were transiently 
transfected with the short form of sBAFF and grown in serum- 
free Optimem medium for 7 d. Conditioned supernatants were 
concentrated 20 times, mixed with internal standards catalase and 
OVA, and loaded onto a Superdex-200 HRlO/30 column. Pro- 
teins were eluted in PBS at 0.5 ml/min, and fractions (0.25 ml) 
were precipitated with TCA and analyzed by Western blotting 
using anti-Flag M2 antibody. The column was calibrated with 
standard proteins: ferritin (440 kD), catalase (232 kD), aldolase 
(158 kD), BSA (67 kD), OVA (43 kD), chymotrypsinogen A 
(25 kD), and ribonuclease A (13.7 kD). 

PNGase F Treatment. Samples were heated in 20 p.1 of 0.5% 
SDS, 1% 2-ME for 3 min at 95°C, then cooled and supplemented 
with 10% NP-40 (2 |Jil), 0.5 M sodium phosphate, pH 7.5 (2 |jil), 
and Peptide N-glycanase F (PNGase F; 125 U/|jl1, 1 jjil, or no 
enzyme in controls). Samples were incubated for 3 h at 37°C be- 
fore analysis by Western blotting. 

Edman Sequencing. 293 T cells were transiendy transfected with 
the long form of sBAFF and grown in serum-free Optimem me- 
dium for 7 d. Conditioned supernatants were concentrated 20 times, 
fractionated by SDS-PAGE, and blotted onto polyvinylidene difluo- 
ride membrane (Bio-Rad Laboratories) as described previously (16), 
and then sequenced using a gas phase sequencer (ABI 120A; Perkln 
Elmer) coupled to an analyzer (ABI 120A; Perkin Elmer) equipped 
with a phenylthiohydantoin C18 2.1 X 250 mm column. Data were 
analyzed using ABI 610 software (Perkin Elmer). 

Antibodies. Polyclonal antibodies were generated by immu- 
nizing rabbits (Eurogentec) with recombinant sBAFF/long. Spleens 
of rats immunized with the same antigen were fused to x63Ag8.653 
mouse myeloma cells, and hybridomas were screened for BAFF- 



specific IgGs. One of these mAbs, 43.9, is an IgG2a that specifically 
recognizes hBAFF. 

FACS®. Cells were stained in 50 (il of FACS buffer (PBS, 
10% PCS. 0.02% NaNj) with 50 ng (or the indicated amount) of 
Flag-tagged short soluble hBAFF for 20 min at 4°C, followed by 
anti-Flag M2 (1 (Xg) and secondary antibody. Anti-BAFF mAb 
43.9 was used at 40 JJtg/ml. For two-color FACS* analysis, 
peripheral blood lymphocytes were stained with Flag-tagged 
sBAFF/long (2 jjig/ml), followed by biotinylated anti-Flag M2 
(1:400) and PE-labeled streptavidin (1:100), followed by FITC- 
labeled anti-CD4, anti-CDB, or anti-CD19. 

PBL Proliferation Assay. PBLs were incubated in 96-well plates 
(10' cells/well in 100 ^i^ RPMI supplemented with 10% FCS) for 
72 h in the presence or absence of 2 |JLg/ ml of goat anti-human 
chain antibody (Sigma Chemical Co.) or control F(ab')2 and with 
the indicated concentration of native or boiled sBAFF/long. Cells 
were pulsed for an additional 6 h with [^H]thymidine (1 p-Ci/well) 
and harvested. [^HJThymidlne incorporation was monitored by 
liquid scintillation counting. In some experiments, recombinant 
sBAFF was replaced by 293 cells stably transfected with full- 
length BAFF (or 293 wild-type [wt] as control) that had been 
fixed for 5 min at 25°C in 1% paraformaldehyde. Assay was per- 
formed as described (17). In further experiments, CD19"^ cells 
were isolated from PBLs with magnetic beads, and the remaining 
CD19~ cells were irradiated (3,000 rads) before reconstitution 
with CD 19''" cells. Proliferation assay with sBAFF was then per- 
formed as described above. 

B Cell Activation Assay. Purified B cells were activated in the 
EL-4 culture system as described (13). In brief, 10* B cells mixed 
with 5 X 10* irradiated murine EL-4 thymoma cells (done B5) 
were cultured for 5-6 d in 200 \iA medium containing 5% vol/vol 
of culture supernatants from human T cells (10^/ml) which had 
been activated for 48 h with PHA (1 (Jig/ml) and PMA (1 ng/ml). 
B cells were then reisolated with anti-CD19 beads and cultured 
for another 7 d (5 X lO* cells in 200 jxl, duplicate or triplicate 




B 



WMl " ' - _ - - 



^ ^mOa^DBI^P'^.^ ilM^" fBsB^ ^li^^i v y k v k tt - a 

1 ^WBF^^^^^^ ...... .flpQ fl «lit.BllA » T'^B^rilQOMi'Si. 




SA 1. £ E K E ' 





^^BM^SfB* f^'^ K^N i 5 F H 6] 
flS^Hil* E I :S fcMfi F t^B:«- j 

EH 5 ft f s^Ba p olpr A 




Figure 1. (A) Predicted aa sequence of human and 
mouse BAFF. The predicted transmembrane domain 
(TMD, dashed line), the potential N-linked glycosylation 
sites (stars), and the natural processing site of hBAFF (ar- 
row) are indicated. The double line above hBAFF indi- 
cates the sequence obtained by Edman degradation of the 
processed form of hBAFF. (B) Comparison of the extracel- 
lular protein sequence of BAFF and some members of the 
TNF llgand femily. Identical and homologous residues are 
represented in black and shaded boxes, respectively. (C) 
Dendrogram of TNF family ligands. 
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culture in flat-bottomed 96 well plates) in medium alone or in 
medium supplemented with 5% T cell supernatants, or with 50 
ng/ ml IL-2 (a gift from the former Glaxo Institute for Molecular 
Biology, Geneva) and 10 ng/tnl each IL-4 and IL-10 (Pepro- 
Tech), in the presence or absence of sBAFF. The anti-Flag M2 
antibody was added at a concentration of 2 )xg/ml and had no ef- 
fect by itself. 



Results 

BAFF Is a Novel Ligand of the TNF Family. hBAFF was 
identified by sequence homology as a possible novel mem- 
ber of the TNF ligand family while we screened public 
databases using an improved profile search (18). A cDNA 
encoding the complete protein of 285 aa was obtained by 
combining EST clones (covering the 3' region) with a 
fragment (5' region) amplified by PGR. The absence of a 
signal peptide suggested that BAFF was a type II membrane 
protein that is typical of the members of the TNF ligand 
family. The protein has a predicted cytoplasmic domain of 
46 aa, a hydrophobic transmembrane region, and an extra- 
cellular domain of 218 aa containing two potential N-gly- 
cosylation sites (Fig. 1 A) . The sequence of the extracellular 
domain of BAFF shows highest homology with APRIL 
(33% aa identity, 48% homology), whereas the identity 
with other members of the family, such as TNF, FasL, 
LTa, TRAIL (TNF- related apoptosis-inducing ligand), or 
RANKL (receptor activator of NF-kB ligand) is <20% 
(Fig. 1, B and C). The mouse BAFF (mBAFF) cDNA clone 
isolated from a spleen library encoded a slightly longer pro- 
tein (309 aa) due to an insertion between the transmembrane 
region and the first of several P strands which constitute the 
receptor binding domain in all TNF ligand members (19). 
This P strand-rich ectodomain is almost identical in mBAFF 
and hBAFF (86% identity, 93% homology), suggesting that 
the BAFF gene has been highly conserved during evolution 
(Fig. 1 A). 

BAFF Is Processed and Secreted. Although TNF fam- 
ily members are synthesized as membrane-inserted ligands, 
cleavage in the stalk region between transmembrane and 

receptor binding domains is frequently observed. For exam- 
ple, TNF and FasL are readily cleaved from the cell surface by 
metalloproteinases (20, 21). While producing several forms 
of recombinant BAFF in 293 T cells, we noticed that a re- 
combinant soluble 32-kD form of BAFF (aa 83-285, 
sBAFF/long) , containing the complete stalk region and an 
NH2-terminal Flag tag in addition to the receptor binding 
domain, was extensively processed to a smaller 18-kD frag- 
ment (Fig. 2, A and B). Cleavage occurred in the stalk re- 
gion since the fragment was detectable only with antibodies 
raised against the complete receptor interaction domain of 
BAFF but not with anti-Flag antibodies (data not shown). 
This experiment also revealed that only N124 (located in 
the stalk) but not N242 (located at the entry of the F-P 
sheet) was glycosylated, since the molecular mass of the 
nonprocessed sBAFF/long was reduced from 32 to 30 kD 
upon removal of the N-linked carbohydrates with PNGase 
F, whereas the 18-kD cleaved form was insensitive to this 



treatment. Peptide sequence analysis of the 18-kD frag- 
ment indeed showed that cleavage occurred between R133 
and A134 (Fig. 1 A). R133 lies at the end of a polybasic re- 
gion that is conserved between human (R-N-K-R) and 
mouse (R-N-R-R) BAFF. To test whether cleavage was 
not merely an artifact of expressing soluble, nonnatural 
forms of BAFF, membrane-bound full-length BAFF was 
expressed in 293 T cells (Fig. 2 C). The 32-kD complete 
BAFF and some higher molecular mass species (probably 
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Figure 2. Characterization of recombinant BAFF. (A) Scliematic rep- 
resentation of recombinant BAFF constructs. Soluble recombinant BAFFs 
starting at Leu83 and Glnisj are expressed fused to an NH2-terminal Flag 
tag and a 6-amino acid linker. The long form is cleaved between Argi33 
and Alai34 (arrow) in 293 T cells, to yield a processed form of BAFF. 
Asni24 and Asn2i2 belong to Af-glycosylation consensus sites. N-linked 
glycan present on Asni24 is shown as a Y. TMD, transmembrane domain. 
(B) PNGase F treatment of recombinant BAFF. Concentrated superna- 
tants containing Flag-tagged BAFFs and APRIL were deglycosylated and 
analyzed by Western blotting using polyclonal anti-BAFF antibodies or 
anti-Flag M2, as indicated. All bands except processed BAFF also reacted 
with anti-Flag M2 (data not shown). (C) Full-length BAFF is processed to 
a soluble form. 293 T cells were transiently transfected with full-length 
BAFF. Transfected cells and their concentrated supernatants (S/N) were 
analyzed by Western blotting using polyclonal anti-BAFF antibodies. Su- 
pernatants corresponding to 10 times the amount of cells were loaded 
onto the gel. (D) Size exclusion ciiromatography of sBAFF on Superdex- 
200. Concentrated supernatants containing sBAFF/short were fraction- 
ated on a Superdex-200 column, and the eluted fractions were analyzed 
by Western blotting using anti-Flag M2 antibody. The migration posi- 
tions of the molecular mass markers (in kD) are indicated on the left-hand 
side for SDS-PAGE and at the top of the figure for size exclusion chro- 
matography. 
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Figure 3. Expression of BAFF. (A) Northern blots (2 jLg poly A+ 
RNA per lane) of various human tissues were probed with BAFF anti- 
sense mRNA. (B) Reverse transcriptase amplification of BAFF, IL-2 re- 
ceptor a chain {IL2-Rot), and actin from RNA of purified blood T cells 
at various time points of PHA activation, E-rosetting-negative blood cells 
(mostly B cells), in vitro-derived immature dendritic cells, 293 cells, and 
293 cells stably transfected with full-length BAFF (293-BAFF). Control 
amplifications were performed in the absence of added cDNA. IL-2 re- 
ceptor a chain was amplified as a marker of T cell activation. 



cyte-derived dendritic cells but not in B cells {Fig. 3 B). 
Even naive, nonstimulated T cells appeared to express 
some BAFF mRNA. 

A sequence-tagged site (STS, SHGC-36171) was found 
in the database which included the hBAFF sequence. This 
site maps to human chromosome 13. in a 9-cM interval 
between the markers D13S286 and D13S1315. On the cy- 
togenetic map, this interval corresponds to 13q32-34. Of 
the known TNF ligand family members, only RANKL 
(Trance) has been localized to this chromosome (22) 
though quite distant to BAFF (13ql4). 

BAFF Receptor Is Expressed on B CeUs. For the ligand 
to exert maximal biological effects, it was likely that the 
BAFF receptor (BAFF-R) would be expressed either on 
the same cells or on neighboring cells present in lymphoid 
tissues. Using the recombinant sBAFF as a tool to specifi- 
cally determine BAFF-R expression by FACS®, we indeed 
found high levels of receptor expression in various B cell 
lines, such as the Burkitt lymphomas Raji and BJAB (Fig. 
4 A, and Table I). In contrast, cell lines of T cell, fibroblas- 
tic, epithelial, and endothelial origin were all negative. 
Very weak staining was observed with the monocyte line 
THP-1, which, however, could be due to Fc receptor 
binding. Thus, BAFF-R expression appears to be restricted 
to B cell lines. The two mouse B cell lines tested were neg- 
ative using the hBAFF as a probe, although weak binding 
was observed on mouse splenocytes (data not shown) . The 
presence of BAFF-R on B cells was corroborated by analy- 



corresponding to nondissociated dimers and trimers) were 
readily detectable in cellular extracts, but >95% of BAFF 
recovered from the supernatant corresponded to the pro- 
cessed 18-kD form, indicating that BAFF was also pro- 
cessed when synthesized as a membrane-bound ligand. 

Therefore, we engineered an sBAFF (Q136-L285, 
sBAFF/short) whose sequence started 2 aa downstream of 
the processing site (Fig. 1 B). As predicted, the Flag tag 
attached to the NH2 terminus of this recombinant mole- 
cule was not removed (data not shown) , which allowed its 
purification by an anti-Flag affinity column. To test its cor- 
rect folding, the purified sBAFF/short was analyzed by gel 
filtration where the protein elated at an apparent molecular 
mass of 55 kD (Fig. 2 D). We conclude that sBAFF/short 
correctly assembles into a homotrimer (3 X 20 kD) in 
agreement with the quaternary structure of other TNF 
family members (19). Finally, unprocessed sBAFF/long was 
readily expressed in bacteria, indicating that the cleavage 
event was specific to eukaryotic cells. 

Expression and Chromosomal Localization of BAFF. North- 
ern blot analysis of BAFF revealed that the 2.5-kb BAFF 
mRNA was abundant in the spleen and PBLs (Fig. 3 A). 
Thymus, heart, placenta, small intestine, and lung showed 
weak expression. This restricted distribution suggested that 
cells present in lymphoid tissues were the main source of 
BAFF. Through PGR analysis, we found that BAFF 
mRNA was present in T cells and peripheral blood mono- 
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Figure 4. BAFF binds to mature B cells. (A) Binding of sBAFF to BJAB 
and Jurkat cell lines, and to purified CDIQ* cells of cord blood. Cells were 
stained with the indicated amount (in ng/50 ti.l) of Flag-BAFF and analyzed 
by flow cytometry. (B) Binding of sBAFF to PBLs. PBLs were stained with 
anti-CD8-FITC or vrith anti-CD 19-FlTC (x axis) and with Flag-BAFF 
plus M2-biotin and avidin-PE (y axis). Flag-BAFF was omitted in controls. 
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Table I. Binding of sBAFF to Various Cell Lines 



Cell type 


Cell lines 


BAFF binding 
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Monkey kidney cells 


Fibroblssts 
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Endothelial cells 


HUVEC 




Umbilical vein 


Macrophages/ monocytes 


THP-1 


-/+ 


Monocyte 


T cell lines 


Molt-4 




Lymphoblastic leukemia 




Hut-78 




Cutaneous lymphoma 




Jurkat 




Lymphoblastic leukemia 


B cell lines 


BJAB 


+++ 


Burkitt lymphoma 




Mamalawa 


++ 


Hurkltt lymphoma 




Daudl 


+/- 


Burkitt Ivmohoma EBNA"*" VGA* 




Ramos 


++ 


Burkitt lymphoma EBV~ 




Raji 


+++ 


Burkitt lymphoma 




JIYOYE 


+ 


Burkitt lymphoma 




SKW.64 


++ 


IgM secreting EBV* 




RPMI 1788 


+++ 


Peripheral blood, IgM secreting 




IM-9 


+++ 


Lymphoblast Ig secreting 




NC-37 


+++ 


Lymphoblast EBV* 


Mouse cell lines 


WEHI-231 




B cell lymphoma 




A20 




B cell lymphoma 



sis of umbilical cord and peripheral blood lymphocytes. While 
CD8+ and CD4+ T cells lacked BAFF-R (Fig. 4 B. and data 
not shown), abundant staining was observed on CDIG"*" B 
cells (Fig. 4, A and B), indicating that BAFF-R is expressed on 
all blood B cells, including naive and memory B cells. No evi- 
dence was obtained for a 0019"*", BAFF-R~ population. 

BAFF Can Costimulate B Cell Growth. Since BAFF 
bound to blood-derived B cells, experiments were per- 
formed to determine whether the ligand could deliver 
growth-stimulatory or growth-inhibitory signals. FBLs 
were stimulated with anti-IgM (p,) antibodies together 
with fixed 293 cells stably expressing surface BAFF (Fig. 
5 A). The levels of PH] thymidine incorporation induced 
by anti-|JL alone were not altered by the presence of control 
cells but were increased twofold in the presence of BAFF- 
transfected cells (Fig. 5 B). A dose-dependent proliferation 
of PBLs was also obtained when BAFF-transfected cells 
were replaced by purified sBAFF (Fig. 5 C) , indicating that 
BAFF does not require membrane attachment to exert its 
activity. In this experimental setup, proliferation induced 
by sCD40L required concentrations >1 jJig/ml, but was 
less dependent on the presence of anti-|JL than that medi- 
ated by BAFF (Fig. 5 D). When purified CD19+ B cells 
were cocultured with irradiated autologous CD19~ PBLs, 



costimulation of proliferation by BAFF was unaffected, 
demonstrating that PH] thymidine uptake was mainly due 
to B cell proliferation and not to an indirect stimulation of 
another cell type (data not shown). The observed B cell 
proliferation in response to BAFF was entirely dependent 
on the presence of anti-|i antibodies, indicating that BAFF 
functioned as costimulator of B cell proliferation. 

To investigate a possible effect of BAFF on preplasma, 
germinal center-like B cells (13), purified peripheral or cord 
blood B cells were preactivated by coculture with EL- 4 T 
cells in the presence of a cytokine mixture from supema- 
tants of PHA/PMA-stimulated T cells (23). These B cells 
were reisolated to 98% purity and yielded a twofold in- 
crease in secreted Ig during a secondary culture in the pres- 
ence of BAFF and activated T cell cytokines compared 
with cytokines alone. No significant effect was seen in the 
absence of exogenous cytokines, and an intermediate (L5- 
fold) effect was observed in the presence of the recombi- 
nant cytokines IL-2, IL-4, and IL-10 (Fig. 5, E and F). 

Discussion 

Here we report the molecular cloning, expression, and 
biological activity of a new member of the TNF ligand 
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Figure 5. BAFF costimulates B cell proliferation. (A) Surface expression of BAFF in stably transfected 293 cells. 293-BAFF and 293 wt cells were 
stained with anti-BAFF mAb 43.9 and analyzed by flow cytometry. (B) Costimulation of PBLs by 293-BAFF cells. PBLs (10^/well) were incubated with 
15,000 paraformaldehyde-fixed 293 cells (293 wt or 293-BAFF) in the presence or absence of anti-B cell receptor antibody (anti-(J,). Fixed 293 cells alone 
incorporated 100 cpm. (C) Dose-dependent costimulation of PBL proliferation by sBAFF in the presence of anti-|Ji.. Proliferation was determined after 72 h 
incubation by PHjthymidine incorporation. Controls include cells treated with BAFF alone, with heat-denatured BAFF, or with an irrelevant isotype- 
matched antibody in place of anti-jjt. (D) Comparison of (co)stimulatory effects of sCD40L and sBAFF on PBL proliferation. Experiment was performed 
as described in panel C. (E) BAFF costimulates Ig secretion of preactivated human B cells. Purified CD19"'' B cells were activated by coculture with EL-4 
T cells and activated T cell supernatants for 5-6 d, then reisolated and cultured for another 7 d in the presence of medium only (— ) or containing 5% 
activated T cell supernatants (T-SUP) or a blend of cytokines {IL-2, IL-4, IL-10). The columns represent means of Ig concentrations for cultures with or 
without 1 jJLg/ml BAFF. Means of fold increase ± SD were 1.23 ± 0.11 for medium only, 2.06 ± 0.18 with T cell supernatants (four experiments), and 
1.45 ± 0.06 with IL-2, IL-4, and IL-10 (two experiments). These were performed with peripheral blood (three experiments) or cord blood B cells (one 
experiment; 2.3-foId increase with T cell supernatants, 1.5-fold increase with IL-2, IL-4, and IL-10). (F) Dose-response curve for the effect of BAFF in 
cultures with T cell supernatants, as shown in panel D. Mean ± SD of three experiments. 



family. The human and mouse sequences exhibit the typi- 
cal characteristics of this family, i.e., a type II membrane 
protein organization and the conservation of nine P sheets, 
which fold into a "jelly-roll" structure that trimerizes to 
form receptor interacting sites. The biochemical anal3«is of 
BAFF is also consistent with the typical homotrimeric 
structure of TNF family members. In this family of ligands, 
BAFF exhibits the highest level of sequence similarity with 
APRIL, which we have recently characterized as a ligand 
stimulating growth of various tumor cells (11). Unlike 
TNF and LTa, which are two family members with 
equally high homology (33% identity) and whose genes 
are linked on chromosome 6, APRIL and BAFF are not 
clustered on the same chromosome. APRIL is located on 
chromosome 17 (our unpublished data), whereas BAFF 
maps to the distal arm of human chromosome 13 (13q34). 
Abnormalities in this locus were characterized in Burkitt 
lymphomas as the second most frequent defect (24) besides 
the translocation involving the myc gene into the Ig locus 



(25) . Considering the high expression levels of BAFF-R on 

all Burkitt lymphoma cell lines analyzed (see Table I) , this 
raises the intriguing possibility that some Burkitt lympho- 
mas may have deregulated BAFF expression, thus stimulat- 
ing growth in an autocrine manner. 

B cell growth was efficiently costimulated with recombi- 
nant sBAFF lacking the transmembrane domain. This ac- 
tivity is in contrast to several TNF family members that are 
active only as membrane-bound ligands, such as TRAIL, 
FasL, and CD40L. Soluble forms of these ligands have poor 
biological activity that can be enhanced by their cross-link- 
ing, thereby mimicking the membrane-bound ligand (15). 
In contrast, cross-linking Flag-tagged sBAFF with anti-Flag 
antibodies or the use of membrane-bound BAFF expressed 
on the surface of epithelial cells did not further enhance the 
mitogenic activity of BAFF, suggesting that it can act sys- 
temically as a secreted cytokine, like TNF does. This is in 
agreement with the observation that a polybasic sequence 
present in the stalk of BAFF acted as a substrate for a pro- 
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tease. Similar polybasic sequences are also present at corre- 
sponding locations in both APRIL and TWEAK (Apo-3L), 
and for both of them there is evidence of proteolytic pro- 
cessing (26; Holler, N., and J. Tschopp, unpublished obser- 
vation) . Although the protease responsible for the cleavage 
remains to be determined, it is unlikely to be the metallo- 
proteinase responsible for the release of membrane-bound 
TNF, as their sequence preferences differ completely (21). 
The multibasic motifs in BAFF (R-N-K-R), APRIL (R- 
K-R-R), and TWEAK (R-P-R-R) are reminiscent of the 
minimal cleavage signal for furin (R-X-K/R-R), the pro- 
totype of a proprotein convertase family (27). 

The role of antigen-specific B lymphocytes during the 
different stages of the immune response is highly dependent 
on signals and contacts from helper T cells (28) and anti- 
gen-presenting cells such as dendritic cells (29). B lympho- 
cytes first receive these signak early on during the immune 
response when they interact with T cells at the edge of the 
B cell follicles in lymphoid tissues, leading to their prolifer- 
ation and differentiation into low-affinity antibody-form- 
ing cells (30). At the same time, some antigen-specific B 
cells also migrate to the B cell follicle and contribute to the 
formation of germinal centers, another site of B cell prolif- 
eration but also affinity maturation and generation of mem- 
ory B cells and high-affinity plasma cells (31). 

Signals triggered by CD40L have been shown to be crit- 
ical for the function of B lymphocytes at multiple steps of 
the T cell-dependent immune response (32). However, 
several studies clearly showed that CD40L-CD40 interac- 
tion does not account for all contact-dependent T cell help 
for B cells. Indeed, CD40L-deflclent T cells isolated from 
either knockout mice or patients with X-linked hyper IgM 
syndrome have been shown to successfully induce prolifer- 
ation of B cells and their differentiation into plasma cells 

(33) . Likewise, studies using blocking antibodies against 
CD40L showed that a subset of surface IgD"*" B cells iso- 
lated from human tonsils proliferate and differentiate in re- 
sponse to activated T cells in a CD40-independent manner 

(34) . Other members of the TNF family, such as mem- 
brane-bound TNF and CD30L, have also been shown to 
be involved in a CD40- and surface Ig-independent stimu- 
lation of B cells (33, 35). Finally, CD40-deficient B cells 
can be stimulated to proliferate and differentiate into plasma 
cells by helper T cells as long as the surface B cell receptors 



are triggered at the same time (36). BAFF as well as CD30L 
and CD40L is expressed by T cells, but its uniqueness re- 
sides in its expression by dendritic cells as well as the highly 
specific location of Its receptor on B cells in contrast to the 
wider expression patterns of CD40, CD30, and the TNF 
receptors (37). Hence. BAFF may uniquely affect B cells. 

In support of a role for BAFF in T cell- and/or dendritic 
cell-induced B cell growth and potential maturation, we 
found that BAFF costimulates proliferation of blood- 
derived B cells concomitantly with cross-linking of the B 
cell receptors. Moreover, using CD 19"*' B cells differenti- 
ated in vitro into preplasma. germinal center-like B cells 
(13), we observed a costimulatory effect of BAFF on Ig 
production by these B cells in the presence of cytokines 
from activated T cells. Thus, BAFF can induce signals in 
both naive B cells and germinal center-committed B cells 
in vitro. Whether this observation will translate during a 
normal immune response or not will have to be addressed 
by proper in vivo experiments. 

The biological responses induced in B cells by BAFF are 
distinct from that of CD40L, since proliferation triggered 
by CD40L occurred at a lower level independently of an 
anti-n costimulus (17; Fig. 5 D). Moreover, CD40L can 
counteract apoptotic signals in B cells after engagement of 
the B cell receptor (38), whereas BAFF was not able to res- 
cue the B cell line Ramos from anti-(jL-mediated apoptosls, 
despite the fact that Ramos cells do express BAFF-R (Ta- 
ble I; MacKay, F., unpublished observations). Therefore, it 
is likely that CD40L and BAFF fulfill distinct functions. In 
this respect, it is noteworthy that BAFF did not interact 
with any of 16 recombinant receptors of the TNF family 
tested, including CD40 (Schneider, P., and J. Tschopp, un- 
published observations). 

Several obscure zones remain in our understanding of an 
immune response. For instance, little is known about the 
mechanisms governing the differentiation of a B cell into a 
plasma cell versus a germinal center B cell. Similarly, aside 
from the possible involvement of the CD40 pathway 
shown in vitro (39), we have very little information about 
the signals deciding the differentiation of a germinal center 
B cell into a memory B cell or a plasma cell. It will be very 
interesting to investigate whether or not BAFF has any 
unique role to play in these critical checkpoint decisions. 
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